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The spindle checkpoint monitors the metaphase to anaphase transition and delays 
cell cycle progression in the case of improper microtubule-kinetochore attachment. As a 
result of checkpoint activation, a signalling cascade is initiated and a number of 
complexes between the checkpoint components are formed. This leads to the inhibition 
of the Anaphase Promoting ComplexlCyclosome (APC/C), which is the ubiquitin ligase 
responsible for targeting mitotic proteins: securin and cyclin B for degradation by the 
26S proteasome. The complexes formed include the MCC, or Mitotic Checkpoint 
Complex, which in fission yeast (Schizosaccharomyces pombe) consists of Mad2, Mad3 
checkpoint proteins together with the APC/C activator, Slpl (the Cdc20 homologue). 
The MCC has been shown to bind and inhibit the APC/C in HeLa cells. 
In my PhD I focused on the interactions between the MCC and the APCIC, in 
particular on Mad3 protein. Mad3 is a conserved checkpoint component, homologous to 
human BubRl. It carries 2 putative KEN boxes, motifs, which typically target proteins 
for degradation (like D-boxes). I used mutated versions of the both KEN boxes in S. 
pombe Mad3 and showed that they are essential for Mad3 checkpoint function. One of 
the two motifs is also required for MCC formation, MCC-APC/C binding and Mad3 
turnover in Gi stage of cell cycle. I argue that KEN boxes mediate the inhibitory 
interactions between checkpoint proteins and the APCIC. 
The formation of the MCC requires Mad2 and Mad3. These proteins are also 
dependent on one another for binding to the APC/C. I study the formation of the MCC, 
as well as its binding to the APC/C in different checkpoint mutants, trying to understand 
dependencies between these proteins and the requirement for kinetochore localisation. 
Finally, I make an attempt to study the cellular localisation of Slpl and the APC/C and 
find that while Sipi co-localises with a kinetochore marker, the APCIC subunits Cut9 






1.1. General introduction 
A cell has been defined by A. Murray and T. Hunt as a cooperative of molecules 
capable of reproducing itself (Murray and Hunt, 1993). In order to reproduce it must 
however undergo a sequence of events. The cell first needs to achieve an appropriate 
size and ensure that there are enough nutrients. Only then can it replicate its genetic 
material. The replicated DNA needs to be properly positioned in the cytoskeletal 
apparatus to allow its uniform segregation. Chromosome segregation is followed by 
cytokinesis, where the cells divide into two identical copies. Between these subsequent 
stages of DNA synthesis (S) and chromosome, segregation and cell division (mitosis) 
there are gaps (GI and G2), which allow cells to prepare for those highly coordinated 
events. The accuracy of mitosis is crucial for organism survival. Chromosome 
missegregation and uncontrolled cell division lead to aneuploidy and subsequent birth 
defects or tumour formation. The spindle checkpoint is a surveillance mechanism, which 
ensures that mitosis is devoid of such errors and that the duplicated chromosomes attach 
properly to the microtubules, which will then lead them to the opposite poles of the cells. 
Once all errors have been corrected., the cell can split into two and progress into the next 
cell cycle. This is triggered by the irreversible destruction of mitosis-specific proteins by 
the Anaphase Promoting Complex/Cyclosome (APCIC). It is the APC/C, which is 
targeted by the spindle checkpoint components and kept inactive until the cells are ready 
to divide. 
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1.2. The cell cycle 
The cell cycle of eukaryotic cells consists of four stages (figure 1.1.): the S phase 
when the DNA is synthesised, G2, when the cell grows and accumulates cyclin to 
prepare for the upcoming mitosis, mitosis, where the replicated chromosomes are 
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Figure 1.1. The four stages of eukaryotic cell cycle. Taken from Lodish et al. (2003) 
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All these stages are tightly controlled through the activity of cyclin-dependent 
kinases (Cdks) (reviewed in Morgan, 1997; Murray, 2004). These kinases require 
cyclins as their activators (Desai et al., 1992) and therefore their activity depends on the 
concentration of cyclin available in the cell at a specific time. The levels of cyclins are 
regulated by ubiquitin-dependent degradation (Glotzer et al., 1991) (see section 1.5). 
Other regulatory mechanisms of Cdks involve phosphorylation and the activity of Cdk 
inhibitors (such as Sici, Rumi). 
There are 3 classes of Cdks active throughout the cell cycle: Gi, S-phase and 
mitotic cyclin-Cdks. The names of cyclins presented below in brackets are ones from 
budding yeast. The Gi Cdks (Clnl, C1n2 and C1n3-Cdks) act during Gi, when cells 
prepare for DNA replication. During that time the activity of S-Cdks (C1b3,C1b4, C1b5 
and C1b6-Cdks) is low, which allows the formation of the pre-replicative complexes 
(pre-RC5) at the future origins of replication (reviewed in Morgan, 1997; Murray, 2004). 
S-type cyclins are synthesised during in Gi, they are however kept inactive by a Cdk 
inhibitor, Sici until the cells are ready to enter S-phase and the complete pool of S-phase 
cyclins is ready. This allows sudden activation of a number of complexes rather than a 
gradual process. Once the role of Sici is complete, and the S-Cdks become active, they 
phosphorylate it making it a substrate for degradation mediated by the SCF ubiquitin 
ligase (see section 1.5.3) (Verma et al., 1997; Verma et al., 2001). 
The activity of S-Cdks allows processes such as DNA unwinding and 
recruitment of replication enzymes. They also phosphorylate the pre-replicative 
complexes restricting DNA replication to one event per cell cycle (Dahmann et al., 
1995). Soon after S-Cdk becomes active, the cyclin B starts to accumulate but again is 
kept inactive by inhibitory phosphorylation until DNA synthesis is completed (Dasso 
and Newport, 1990; Enoch and Nurse, 1990). The mitotic-Cdks (Clbl and C1b2), or M-
phase promoting factor (MPF) promote processes, such as chromosome condensation 
and alignment, mitotic spindle assembly and nuclear envelope breakdown in higher 
eukaryotes (reviewed by Murray, 2004). Inactivation of this complex is required when 
mitosis is complete, and the sister chromatids have separated. This is done by the 
3 
Anaphase Promoting Complex/Cyclosome (APCIC) (Holloway et al., 1993), which 
when activated, recognises cyclin and attaches polyubiquitin chains to it. The 
polyubiquitin chain acts as a signal for the 26S proteasome, which then degrades the 
protein (reviewed by Zachariae and Nasmyth, 1999). The process of cyclin 
polyubiquitination is initiated in anaphase by APC/C Cd,20  and next continued by 
APC/C°", where Cdc20 and Cdhl are cell cycle - specific APC/C activators, discussed 
later. Here again the Sici Cdkl inhibitor plays a role. In mitosis it keeps the MPF 
inactive at anaphase prior to its final degradation by APC/C 1 , to prevent the mitotic 
Cdk from phosphorylating Cdhl, a GI APC/C activator. Cdhl is only competent for 
APC/C activation when dephosphorylated. In late anaphase the Cdcl4 phosphatase is 
activated and acts to dephosphorylate Cdhl as well as Sic!, which activates it (reviewed 
by Peters, 2006). 
1.2.1. The Schizosaccharomyces pombe cell cycle 
Schizosaccharomyces pombe is a very good tool for studying the cell cycle. Its 
cell cycle, as in other eukaryotes can be divided into four distinct stages: a short GI 
phase, followed by DNA replication in S phase, simultaneous with cell separation, a 
long G2 followed by mitosis (Nurse et al., 1976). During mitosis, its three chromosomes 
condense and in contrast to budding yeast, each one interacts with multiple 
microtubules. 
Unlike higher eukaryotes, S. pombe have only one essential Cdk, Cdc2. There 
are four cyclins: Cdcl3, Cigi, Cig2 and Puci, however only Cdcl3 is essential for cell 
cycle progression (Fisher and Nurse, 1996). The Cdc2/Cdcl3 dimer acts as a M-phase 
promoting factor (MPF) and its high kinase activity allows the onset of mitosis (Gautier 
et al., 1990; Gautier et al., 1988). Interestingly it also contributes to the activation of the 
APC/C, which will then lead to MPF inactivation. At the metaphase—anaphase 
transition, the Cdc2 activity is greatly reduced, as Cdcl3 becomes degraded by 
APC/C51" and subsequently by APC/C 9 in Gi. The levels of Cdc2/Cdcl3 in early GI 
are low, and next rise to intermediate levels, sufficient for phosphorylation of DNA 
4 
replication proteins but not high enough for the onset of this process (Stern and Nurse, 
1996). The levels of Cdc2/Cdcl3 activity are regulated not only by APC/C—dependent 
proteolysis, but also binding of an inhibitor Rum 1 (Labib and Moreno, 1996) and 
inhibitory phosphorylation of TyrI 5 residue of Cdc2 by Weel tyrosine kinase. This 
phosphorylation keeps Cdc2/Cdc 13 complex inactive in G2 until the cell reaches the 
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Figure 1.2. The S. pombe cell cycle 
Stages of the Schizosaccharomyces pombe cell cycle (details in the text) with distinction between different 
stages of mitosis. Arrows indicate pulling forces on the microtubules. The metaphase sister chromatids are 
shown in enlargement. 
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weel mutants enter mitosis prematurely and therefore exhibit a "wee" phenotype, which 
means that the cells are very small (Nurse, 1975; Thuriaux et al., 1978). The same 
phenotype is seen in cdc2 dominant mutants, where deregulation of this kinase leads to 
its elevated levels which trigger mitosis (Nurse and Thuriaux, 1980). This also happens 
when Cdc25 is overexpressed (Russell and Nurse, 1986). Cdc25 is the phosphatase, 
which at the end of G2 removes the phosphates from Y15 of Cdc2, generated earlier by 
Wee! (Gautier et al., 1991). Therefore Cdc25 counteracts the function of Weel and 
cdc25 mutants do not enter mitosis (Fantes, 1979). These cells display an elongated 
phenotype, same as in the case of a recessive cdc2 mutation or overexpression of Weel 
(Nurse et al., 1976; Russell and Nurse, 1986). 
1.3. Mitosis 
Chromosome segregation and cell division had fascinated scientists for over a 
hundred years. The term "mitosis" was first used by Walther Hemming in the early 
1880s to describe thread-like mitotic chromosomes (mitos = thread in Greek) (Mitchison 
and Salmon, 2001). Mitosis is a highly coordinated process of sequential events, which 
can be distinguished into: prophase, prometaphase, metaphase, anaphase and telophase 
(Murray and Hunt, 1993). 
During prophase, the replicated chromosomes undergo condensation and form 
distinct structures, which are pairs of sister chromatids. Additionally, the duplicated 
centrosomes (or spindle pole bodies, SPB, in yeast) must separate and position at the 
opposite poles of the cell, where they act as microtubule organising centres (MTOCs). 
Their role is to organise the array of interphase microtubules into a uniform tubulin 
structure, parallel to the direction of chromosome movement called the mitotic spindle 
(Inoue and Sato, 1967). In higher eukaryotes, at the end of prophase, the nuclear 
envelope breaks down. Yeast undergo "closed mitosis", which means that mitosis occurs 
within the boundaries of the nucleus. The ends of spindle microtubules must attach to 
specialised structures organised at the centromeres of each chromosome, called 
kinetochores in prometaphase. It is crucial that this attachment is bipolar and each of 
31 
the sister chromatids in a single chromosome is connected to the opposite pole. The 
attached chromosomes should then align in the midzone of the cell, allowing tension 
formation on the spindle microtubules. This stage is called metaphase. During the 
progression into the next phase, anaphase, the links holding sister chromatids together 
(see section 1.4.) are destroyed in an APC/C—dependent manner (Nasmyth et al., 2000; 
see section 1.5.), which allows their separation. The segregated sister chromatids are 
subsequently pulled to the opposite poles of the cell, where they decondense during 
telophase and are cut apart by a septum (or contractile ring), which forms at the centre 
of the cell. This gives rise to two independent cells. 
Despite important differences, like the existence of closed mitosis in yeast, the 
fundamental mechanisms of mitosis, such as spindle formation and chromosome 
segregation, as well as control mechanisms, such as the spindle checkpoint are highly 
conserved between different organisms (Murray and Hunt, 1993). 
1.4. Chromosome segregation 
During mitosis, the replicated sister chromatids are held together by a protein 
complex called cohesin. This allows a tight association of the sister chromatids, which 
facilitates their bipolar attachment to the microtubules and prevents premature 
separation (Michaelis et al., 1997; Tanaka et al., 2000). The cohesin complex consists of 
four core subunits in budding yeast, which have homologues, in some cases multiple, in 
other eukaryotes (Uhlmann, 2001). Smcl and Smc3 (structural maintenance of 
chromosome), together with the sister chromatid cohesion subunits: the kleisin subunit, 
Sccl (Rad2 1 in S. pombe) and Scc3 (Psc3 and Rec 11 in S. pombe), form a ring structure, 
which encircles the chromosomes (figure 1.3.; Nasmyth, 2005). The cohesin complex is 
loaded onto chromosomes in late GI (Blow and Tanaka, 2005), with the aid of 







Figure 1.3. Cohesin forms a ring structure which might encircle DNA (Nasmyth, 2005) 
Cohesin is present at the centromere, to counteract the pulling forces of spindle 
microtubules, but importantly, it is also present between chromosome arms. The 
centromeric cohesin is however enriched (Blat and Kleckner, 1999; Tomonaga et al., 
2000; Weber et al., 2004), which could be partially explained by the interaction of the 
Scc3 subunit with HP1/Swi6, heterochromatin protein (Pidoux and Allshire, 2004). 
Cohesin on the centromeres remains longer than the cohesin between the arms. Cohesin 
between chromosome arms is lost already in prophase (Nasmyth et al., 2000) as a result 
of phosphorylation of one of its subunits by Plkl (Polo-like kinase), since 
phosphorylated cohesin exhibits lower affinity to DNA (Haufet al., 2005; Sumara et al., 
2002). Aurora B may also play a role in this regulation. The centromeric cohesion is 
retained until anaphase, when a protease, called separase (Espi/Cuti) is released and 
cleaves the kleisin subunit of cohesin, Sccl. This results in opening of the cohesin ring 
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and allows chromosome separation and movement to the opposite poles of the cell 
(Nasmyth and Haering, 2005; Uhlmann, 2003). Separase release is a result of APCIC-
dependent (see next section) degradation of its binding partner, securin (PdslJCut2), 
which can only take place when all chromosomes had achieved bipolar attachment. This 
is monitored by the spindle checkpoint, which keeps the APC/C inactive until all 
chromosomes are ready to divide (Musacchio and Hardwick, 2002). 
Why is cohesin maintained at centromeres when it is actively removed from 
chromosome arms? An answer to this question comes from studies of meiosis, where the 
meiotic cohesin subunit, Rec8, remains at the centromere during meiosis I allowing 
sister chromatids to migrate together to the same pole. The protein, which protects it 
from separase cleavage, now known as the "guardian spirit of the centromere cohesion" 
is shugoshin (Sgo) (Katis et al., 2004; Kitajima et al., 2004; Marston et al., 2004), a 
homologue of the Drosophila protein Mei-S332, required for maintenance of cohesion 
in meiosis i in flies (Baker et al., 1978; Kerrebrock et al., 1992). The mode of action of 
SgofMei-S332 is still a subject of intense studies. It was shown to interact with protein 
phosphatase 2A (Tang et al., 2006) and localise it to the centromeres, where it 
counteracts the action of P1k (Polo-like kinase), thereby preventing cohesin dissociation 
(Kitajima et al., 2006; Tang et al., 2006). 
In mitosis, centromeric cohesion seems to be regulated through a different 
mechanism, as it has been recently shown in budding yeast that sgol mutants (Sgol 
being the budding yeast shugoshin) do not perturb sister chromatid cohesion (Indjeian et 
al., 2005). Instead they show defects which indicate that Sgol is required for sensing the 
lack of tension on the kinetochores (Indjeian et al., 2005; Salic et al., 2004) as well as for 
proper chromosome segregation following treatment with microtubule destabilising 
drugs (Indjeian et al., 2005). 
1.5. Proteolysis in cell cycle control 
Progression through the cell cycle is a tightly regulated biological process. One 
of the crucial mechanisms controlling this process is the regulation of protein levels 
through degradation by the 26S proteasome. Protein recognition by this cellular 
machinery is based on the presence of polyubiquitin chains - a common feature of all 
proteasome substrates, which allows targeting them for degradation independently of 
their localisation. Ubiquitination was first discovered as a marker for protein degradation 
by A. Hershko, I. Rose and A. Ciechanover (Ciechanover et al., 1980; Hershko et al., 
1982; Hershko et al., 1983). The ubiquitin-proteasome pathway (UPP) requires El, E2 
and E3 enzymes, which are responsible for the attachment (ligation) of ubiquitin 
molecules to the substrates, as well as substrate specificity. Cells typically have just one 
El enzyme, which activates ubiquitin by forming a thioester bond between the N-
terminus of a cysteine residue of the El and the C-terminus of a glycine on the ubiquitin 
molecule. This process is ATP-dependent. The activated ubiquitin is then transferred 
onto one of several ubiquitin-conjugating E2 ligases, which can then transfer it onto the 
substrate. This process can be either direct or it can be catalysed by one of numerous E3 
enzymes. E3 ubiquitin ligases are highly specified complexes, which selectively 
introduce polyubiquitin chains onto their substrates (reviewed by Zachariae and 
Nasmyth, 1999). The two best described E3 ligases responsible for controlling the cell 
cycle are the SCF (Skpl-Cullin-F box) and the APC/C (Anaphase Promoting 
ComplexlCyclosome). 
1.5.1. The SCF ubiquitin ligase 
While the APC/C is active in mitosis and GI and acts mainly by downregulating 
the activity of Cdks , the SCF (Skpl-cullin-F box) complexes are more versatile and not 
only control the cell cycle, but also other important processes, such as transcription 
(transcription factors, such as NF-K0 or -catenin) (Tan et al., 1999). This is mostly due 
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to bigger variety of substrate recognising subunits, the F box proteins, which associate 
with the catalytic centre of the ligase (reviewed in Deshaies, 1999). 
An example of regulation of the cell cycle by the SCF is the degradation of GI 
cyclins (Cmi and C1n2) or Cdk inhibitors (Sici and Fan) (Deshaies, 1999). In fission 
yeast the SCF is required for Rumi (Cdk inhibitor) as well as Cdc18 (S phase regulator) 
and Cigi (S phase cyclin) degradation. These substrates are recognised by the F box 
proteins: Pop  and Pop2 (Seibert et al., 2002; Toda et al., 1999; Yamano et al., 2004b). 
Despite numerous differences, the APC/C is often compared to the SCF 
complexes. Both ligases consist of several subunits, two of which had been characterised 
as a zinc - binding RING finger protein (Apcl 1 and Roc lIRbxlIHrtl in the SCF) and a 
cullin domain protein (Apc2 and Cull) (Kamura et al., 1999; Ohta et al., 1999; Skowyra 
et al., 1999; Zachariae and Nasmyth, 1999). In the APC/C these two proteins are 
sufficient to catalyse the ubiquitination of human securin and cyclin B in vitro (Tang et 
al., 2001b). Similarly, it has been shown in the SCF, that Cdc53 (the cullin protein) 
copurifies with Hrtl (RING domain protein) and together form a module, which is the 
conserved functional core of this ligase (Seol et al., 1999). 
Skpl acts by bridging the cullin protein (Cdc53) responsible for recruiting E2 
(Patton et al., 1998) and the F-box proteins: Cdc4, Met3O, and Grrl. The F-box proteins 
are interesting because they recruit phosphorylated substrates to the ligase (Skowyra et 
al., 1997). They contain WD-40 repeat proteins and leucine rich motifs, which play a 
role in recognising the degrons in the SCF substrates. The presence of the WD40 
repeats makes them similar to the APC/C activators: Cdc20/Slp1 and CdhlIHctl/Ste9. 
As many as 700 different F-box proteins have recently been reported in Arabidopsis 
thaliana (Lechner 2006). Each of these has a number of substrates that they recognise 
allowing the SCF to target a wide range of proteins. 
Unlike APC/C, the SCF is constitutively active and its activity depends on the 
modular assembly of this multicomponent complex, and proteolytic control of its F-box 
subunit (Galan and Peter, 1999; Thou and Howley, 1998) (reviewed by Vodermaier, 
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2004). This mechanism is APCICCl  dependent (Bashir et al., 2004). The crucial 
determinant of SCF activity is the availability and the phosphorylation status of the 
substrate. One example is the cyclin B-CDK (MPF) inhibitor, Sic 1, which needs to be 
phosphorylated in order for the SCF to degrade it (Skowyra et al., 1997; Verma et al., 
1997). 
1.5.2. The Anaphase Promoting Complex/Cyclosome 
The Anaphase Promoting ComplexlCyclosome, a multisubunit E3 ubiquitin 
ligase is an essential cell cycle regulator, which acts by targeting mitotic proteins: 
securin and cyclin B for degradation by the 26S proteasome (reviewed by Zachariae and 
Nasmyth, 1999 and Peters, 2006). It acts by attaching chains of ubiquitin molecules to 
these proteins, which then act as a degradation signal. This process allows controllable 
and irreversible degradation of these proteins and progression into anaphase. The 
Anaphase Promoting Complex/Cyclosome was first described in Xenopus egg extract as 
a 20S complex containing Cdc27 and Cdcl6, which catalyses mitosis-specific 
attachment of ubiquitin to cycin B (Sudakin et al., 1995; King et al., 1995). Cyclin B 
degradation leads to inactivation of mitotic-Cdk (Cdkl) and is required for mitotic exit 
(Wasch and Cross, 2002) and the preparation for upcoming S-phase (Noton and Diffley, 
2000) (see 1.2). The second main function of the APC/C, which is essential for anaphase 
onset and completion of mitosis is the role in separation of replicated sister chromatids 
(Thornton and Toczyski, 2003). The replicated sister chromatids are held together by a 
cohesin complex, whose Sccl (Rad2l in S. pombe) subunit needs to be cleaved in order 
to allow segregation (see section 1.4). This is performed by separase (Espi in budding 
yeast, Cuti in fission yeast), a cysteine protease (Ciosk et al., 1998), which is kept 
inactive during metaphase by its binding partner, called securin (Pdsl in budding yeast, 
Cut2 in fission yeast) (Cohen-Fix et al., 1996; Hagting et al., 2002; Yamamoto et al., 
1996). The role of the APC/C 2° is to target securin for proteolytic destruction thereby 
releasing active separase. The separated sister chromatids can then be segregated into 
opposite poles of the cell (reviewed in Peters, 2002). 
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1.5.2.1. The APC/C activators 
In order to perform its function the Anaphase Promoting ComplexlCyclosome 
requires specific activator proteins. Cdc20 (Sipi in fission yeast) is one of them and 
activates the APCIC in mitosis, leading to the destruction of. securin and cyclin B at 
anaphase, which allows subsequent mitotic exit (Fang et al., 1998b; Hwang et al., 1998; 
Kim et al., 1998; Lim et al., 1998; Shirayama et al., 1999). The degradation of mitotic 
cyclins is then continued by Cdhl (Srwl/Ste9 in fission yeast), an activator that 
associates with the APC/C from anaphase throughout Gi phase of cell cycle (Kitamura 
et al., 1998; Kominami et al., 1998; Visintin et al., 1997). These proteins have 
homologues in all eukaryotes and share a few common characteristics. They both have 
seven Trp-Asp (WD-40) repeats situated towards the C-terminus, which have been 
shown to play a role in substrate recognition in the SCF ubiquitin ligase (Mathias et al., 
1999). Moreover they both carry a C-box in the N-terminus and an IR motif at the C-
terminus, both required for APC/C binding (Schwab et al., 2001; Vodermaier et al., 
2003). 
Cdc20 levels are cell cycle-regulated by transcription as well as APC/CM 
dependent degradation (Prinz et al., 1998; Weinstein, 1997). As a result of this 
regulation, Cdc20 is only present at high levels in mitosis until anaphase, at which point 
its levels drop dramatically and it is replaced by APC/C 1 which consequently targets 
Cdc20 for destruction by the proteasome (reviewed by Peters, 2002 and Zachariae and 
Nasmyth, 1999). 
Initial studies did not find cell cycle dependent differences in Cdhl levels (Prinz 
et al., 1998), however more recent evidence shows, that in fact its levels are reduced in 
S-phase. During that time Cdhl is phosphorylated (Kramer et al., 2000; Yamaguchi et 
al., 2000) and this modification presumably labels it for degradation mediated by the 
SCF ubiquitin ligase (Benmaamar and Pagano, 2005) (see 1.5.1.). Although during 
mitosis the levels of Cdhl remain constant, it is kept inactive as a result of 
phosphorylation by Cdkl. This lasts until anaphase, when cyclin B is degraded in an 
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APC/C 20 dependent manner and Cdkl activity is reduced. Additionally, Cdcl4 
phosphatase is then recruited to remove phosphate groups from Cdhl, which allows it to 
activate the APCIC in place of Cdc20 (Zachariae et al., 1998a; Visintin et al., 1998; 
Zachariae, 1999). 
There are also other APC/C activators, such as Ama!, which is expressed only 
during budding yeast meiosis. Amal is responsible for activating the APC/C to target 
C1b2 for degradation during meiosis I (Cooper et al., 2000). In S. pombe the protein 
which activates the APC/C during meiosis and promotes degradation of cyclin Cdcl3 
after meiosis H is MfrIJFzrl. Mfrl/Fzrl (eioticflzzy-related 1 or-fizzy - related 1) is a 
WD-repeat protein, which had been identified by two independent groups (Asakawa et 
al., 2001; Blanco et al., 2001) based on its homology to Ste9, the Gi-specific APC/C 
activator. The protein has been shown to be required for correct timing of cyclin 
degradation (Blanco et al., 2001) and for the process of spore formation (Asakawa et al., 
2001; Blanco et al., 2001). 
There is controversy regarding the role of the APC/C activators. It is clear that 
they are essential for APC/C ubiquitinating activity (Lim et al., 1998; Visintin et al., 
1997). Most studies also show that they are involved in the recruitment of substrates 
(Schwab et al., 1997; Schwab et al., 2001; Visintin et al., 1997). This idea is derived 
from the fact that APC/C 2° and APC/CC  differ in their substrate specificities. There 
is however strong evidence that their role in substrate recruitment might not be this 
simple. 
1.5.2.2. Substrate recognition by APC/CCdC2OIM 
APC/C recognises its substrates via degradation signals, the most common of 
them being the D-box (RXXLXXXN), initially found in the mitotic cyclin (Glotzer et 
al., 1991). It is now clear that this motif is recognised mainly by APCIC 20 and to 
smaller extent by APC/C"" (Fang et al., 1998b). Another degradation motif, the KEN 
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box (Lys-Glu-Asn) was discovered later, as a degradation signal distinct from the D-box 
(Pfleger and Kirschner, 2000), which is recognised exclusively by APC/C °' 1 (Burton 
and Solomon, 2001). There are a lot of evidence that the APCIC substrates bind directly 
to the activator proteins (Pfleger et al., 2001; Schwab et al., 2001) and that the D- and 
KEN-boxes are important for this interaction (Burton et al., 2005; Burton and Solomon, 
2001; Hilioti et al., 2001; Kraft et al., 2005a). It has recently been shown that the D-box 
interacts directly with WD-40 repeats of Cdhl in budding yeast and that this interaction 
is required for processive ubiquitination (Kraft et al., 2005a). This is an important 
finding and implies that the APC/C recognises its substrates via the propeller structure of 
the activator protein, rather than through direct binding. Moreover, substrate binding to 
Cdhl was shown to stimulate the formation of the Cdhl-APC/C complex (Burton et al., 
2005). The same authors show that the interaction between Cdhl and its substrates does 
not require binding to the APC/C. 
However, this is in contrast to findings by Yamano's group, who discovered that 
the D-box containing N-terminus of Xenopus cyclin B associated much more efficiently 
in vitro with the APC/C than with Fizzy (Cdc20 homologue) (Yamano et al., 2004a). 
The authors also show that APC/C (Apc3) can bind the D-box of cyclin B independently 
of Fizzy. Another substrate tested by the group, Nek2A also bound directly to the 
APC/C even without the presence of Cdc20, though the activator was still required for 
its degradation (Hayes et al., 2006). There is also evidence, that the APC/C subunit 
Docl participates in substrate recognition (Carroll et al., 2005; Passmore et al., 2003), 
although Cdhl is also required for this interaction. Importantly Adoci mutant can no 
longer bind and ubiquitinate substrates (Passmore et al., 2003). Further support for the 
theory that APC/C directly recognises its substrates, comes from earlier genetic studies, 
which showed a two-hybrid interaction between the N-terminus of C1b2 and Cdc23 
(Apc8) subunit of the APC/C (Meyn, ifi et al., 2002). 
The logic behind the first hypothesis, where the activator proteins serve as 
adaptors for substrates, which recognise them and recruit them to the APC/C, comes 
partially from the comparison of the APC/C 2 "' with another ubiquitin ligase, the 
SCF (see section 1.5.1.). In the SCF ligase, the F-box subunit is a WD-40 repeat protein, 
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like Cdc20 and Cdhl. It has been shown that the function of the numerous F-box 
proteins in the SCF is to bind substrates and connect them with the catalytic centre of the 
enzyme (Mathias et al., 1999). This could be the model for Cdc20/Cdhl behaviour. 
However, the Doc l subunit of the APC/C is also a WD-40 repeat protein and mutants in 
this subunit can no longer bind and polyubiquitinate substrates (Passmore et al., 2003). 
Taken together the model emerging from all these data is that the activators 
might aid substrate binding to the APCIC, possibly by stabilising this interaction, or by 
inducing a conformational change in the APC/C. There is evidence that this might be the 
case for Cdhl, which was shown to change the orientation of an APC/C domain upon 
association with it (Dube et al., 2005). Alternatively the activators could recognise the 
substrates and bring them in proximity to the APC/C in a process of pre-selection. 
1.5.2.3. APC/C regulation 
Several APC/C subunits (Cdc27, Cdcl6, Cdc23 and fission yeast Cut9) have 
been shown to be phosphorylated during mitosis in various organisms (Kraft et al., 2003; 
Peters et al., 1996; Rudner and Murray, 2000; Yamada et al., 1997). 
The kinases responsible for this modification are Cdkl/cyclin B (Shteinberg et 
al., 1999) and Piki (Polo kinase 1; see section 1.6.4.) (Eckerdt and Strebhardt, 2006; 
Golan et al., 2002; Kraft et al., 2003). The Cdkl-dependent phosphorylation seems to be 
required for binding and stimulation by Cdc20 or Fizzy (Bischoff et al., 1998) (Kraft et 
al., 2003; Kramer et al., 1998), and at the same time it prevents Cdhl association with 
the APCIC. The Piki - dependent phosphorylation was also argued to be crucial for 
APC/C activation (Eckerdt and Strebhardt, 2006). There is evidence that both kinases 
could act cooperatively by phosphorylating different subunits and that only the action of 
both could restore APC/C activity (Golan et al., 2002). Other kinases could also play a 
role. For example, the checkpoint kinase Mpsl was found bound to the human APCIC 
(Liu et al., 2003a). There is no evidence however that it could phosphorylate it. 
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An additional controlling mechanism comes from the phosphorylation of APC/C 
activators. As mentioned before, Cdhl can only activate the APC/C when it is in a 
dephosphorylated form. Studies in Drosophila and in Xenopus egg extracts show that 
Cdc20 is also regulated by phosphorylation (Chung and Chen, 2003; Yudkovsky et al., 
2000). Cdkl-dependent phosphorylation was demonstrated to prevent Cdc20 association 
with the APC/C upon a spindle checkpoint arrest (see below) (Yudkovsky et al., 2000). 
Moreover, MAPK-dependent Cdc20 phosphorylation was also argued to be required for 
binding by the spindle checkpoint proteins upon checkpoint activation and subsequent 
APC/C inhibition (Chung and Chen, 2003). Finally, Bubl-depèndent Cdc20 
phosphorylation was shown to act to inhibit APCIC 2° and was argued to be an 
important mechanism of the spindle checkpoint action (Tang et al., 2004a). 
Checkpoint inhibition is another regulatory mechanism essential for the 
accuracy of the cell cycle. The concept of cell cycle checkpoints, control points which 
prevent premature entry into the next stage of cell cycle, was initially introduced in 1988 
by Leland Hartwell and Ted Weinert (Hartwell and Weinert, 1989; Weinert and 
Hartwell, 1988), who discovered that the G2 arrest induced by DNA damage is 
dependent on a specific protein - Rad9. 
The spindle checkpoint proteins act to inhibit the APC/C in the case of lack of 
proper microtubule-kinetochore attachments (see sections 1.6. and 1.7.). Temporary 
APC/C inhibition provides the time necessary for the cell to correct all defects and 
prepare for chromosome segregation. The checkpoint proteins perform many different 
functions (see section 1.8) as a result of which APC/C2osI)l  is inhibited. They work 
on different levels: indirectly, for example by phosphorylating each other, forming 
complexes, recruiting each other to the kinetochores, but they also act directly on 
APC/C 20'5" by phosphorylating Cdc20 (Tang et al., 2004a), and by binding to the 
Cdc20/Slpl and the APCIC, which results in APC/C inhibition (Fang et al., 1998a; Li et 
al., 1997; Sudakin et al., 2001). 
Finally, inhibitors, such as Mesi or Emil, contribute to APC/C regulation. 
Mesi is a meiotic APC/C 20 inhibitor and prevents the complete degradation of cyclins 
between meiosis I and meiosis II, possibly by competing with the cyclin for Cdc20 
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binding (Izawa et al., 2005). Emil, early mitotic inhibitor 1 acts against APC/CQ!c 20  in  
prophase, at a time when the spindle checkpoint is not yet active, and also against 
APC/C', at the GuS transition, allowing accumulation of APCIC' 1 substrates (Hsu 
et al., 2002; Reimann et al., 2001). There is recent evidence that Emil inhibits the 
APCIC by acting as a pseudosubstrate, that is, binding to the D-box receptor on 
APCIC 1 (Miller et al., 2006). Emil is itself degraded in a SCF-dependent manner 
(Hansen et al., 2004; Margottin-Goguet et al., 2003). 
1.5.2.4. The APC/C complex composition 
The APCIC consists of at least 13 subunits in both budding and fission yeast, 
most of which have homologues in all studied systems (Yoon et al., 2002) (see table 
1.1.). 
Table 1.1 Names and molecular weight of APC/C subunits in different organisms 
S. pombe MW (kDa) S. cerevisiae homologue Metazoans 
Cut4 165 Apcl APC1/Tsg24 
Apc2 81 Apc2 APC2 
Nuc2 76 Cdc27 APC3/CDC27 
Lidl 83 Apc4 APC4 
ApcS 53 Apc5 APC5 
Cut9 76 Cdcl6 APC6/CDC16 
- - 
- APC7 
Cut23 60 Cdc23 APC8/CDC23 
- 
- Apc9 - 
ApclO 22 Docl APC10 
Apcll 11 Apcll APC11 
Hcnl 9 Cdc26 CDC26 
Apcl3 16 - - 
Apc14 12 - - 
ApclS 16 - - 
- 
- Swml - 
Mnd2 - 
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It is not known why there are so many subunits and what their exact roles are. In 
a recent publication, (Thornton et al., 2006) the authors attempt to understand the 
"architecture of the APC/C", and propose a model (compare figure 1.4), where the 
largest APCIC subunit, Apcl is the scaffold, connecting two separate groups of subunits. 
One group consists of three TPR (tetra-trico-repeat) proteins: Cdc27, Cdc16 and Cdc23. 
TPR motifs can fold into superhelical structure suitable for protein binding (Das et al., 
1998). Importantly, Cdc27, as well as another TPR protein present only in mammalian 
cells, Apc7 were previously shown to act as receptors for the activator proteins: Cdc20 
and CcIhl (Kraft et al., 2005a; Vodermaier et al., 2003). 
The second group of subunits, that Apcl binds to include: Apc2, Apcl 1 and 
ApclO (Doc). Apc2 is a cullin domain protein (Zachariae et al., 1998b) (Yu et al., 
1998), as is for example, Cdc53 subunit of the SCF ubiquitin ligase, which had been 
implicated in recruiting the ubiquitin-conjugating enzyme, E2 (Patton et al., 1998; Seol 
et al., 1999). Similar function could be performed by Apc2 (together with Apcl 1, see 
below). It has been shown that Apc2 promotes Cdhl binding, most likely alongside 
Cdc27 (Thornton et al., 2006). Apcll belongs to the RING-finger domain proteins 
(which contain a Zn2 binding motif) , which is also characteristic of subunits of the 
SCF. 
Interestingly Apc2 and Apcl 1 had been shown to interact with each other and 
form the "minimal module" of the APCIC, required for its ubiquitinating activity, which 
leaves the role of the remaining 11 APCIC subunits elusive. They are however not 
sufficient to provide substrate specificity (Tang et al., 2001b). Even more, there is 
evidence that Apcl 1 alone is sufficient for polyubiquitin chain assembly in the presence 
of El and E2 enzymes (Gmachl et al., 2000; Leverson et al., 2000). This makes Apcl 1 a 
putative receptor for E2 ubiquitin-conjugating enzyme. 
Doèl (Apclo) is another interesting subunit. It was shown to be necessary for 
processive ubiquitination, which means that it prevents the substrate dissociation prior to 
formation of the polyubiquitin chain (Carroll and Morgan, 2002). Passmore and 
colleagues provided evidence that Docl was essential for APCIC ubiquitinating activity 
in budding yeast (Passmore et al., 2003), which is in contrast with data arguing Apc2 
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and Apc 11 are sufficient for this process (see above). Moreover, the same authors show 
that Docl contributes to substrate binding to the APC/C, although the activator is still 
required for that (Carroll et al., 2005; Passmore et al., 2003). As mentioned before, Doc 
carries the WD-40 repeat motif, argued to play a role in substrate recognition and a C-
terminal IR motif, which makes it similar to the activator proteins: Cdc20 and Cdhl. 
Ck26 
Apc9 	 1 
JJfdc23 fApcS 




Figure 1.4. Model of APC/C architecture (Peters, 2006) 
The consensus model emerging from these studies is presented in figure 1.4. 
(taken from Peters, 2006). Apcl I (and possibly Apc2) interacts with the E2 ubiquitin 
conjugating enzyme. These subunits interact with Doc. Docl stabilises the 
substrate/activator complex, which could be bound to Apc2. The Docl/Apc2/Apcll 
subcomplex is connected with the TPR subunits: Cdc27, CdcI6, Cdc23, via the biggest 
subunit, Apcl. Cdc27 is the most peripheral and could make contact with the activator 
(via a different site then Apc2). The localisation of remaining subunits: Apc4, Apc5, 
Apc9, Swm 1, Cdc26 on the model is mainly hypothetical (model based on Thornton et 
al., 2006 and Peters, 2006). 
1.53. The APC/C and SCF regulate the cell cycle and each other 
The actions of these important E3 ligases (APC/C and SCF) are orchestrated to 
maintain the high precision of the cell cycle. SCF activity is regulated by APC/C' - 
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dependent degradation (see above). Interestingly, the S. pombe Gi APC/C activator, 
Srwl/Ste9 has been shown to be destabilised as a result of Cdk phosphorylation, which 
makes it a potential SCF substrate (Yamaguchi et al., 2000). Similarly, Emil, the APC/C 
inhibitor is degraded in a SCF-dependent manner (Margottin-Goguet et al., 2003). 
Therefore these two ligases act in concert to control each other. Importantly, combining 
these two activities allows to achieve high concentration of specific proteins at a specific 
time and their disappearance at a precise moment, as is the case for the fission yeast 
Cigi cyclin, which due to the joint regulation by APC/C and SCF peaks at the GUS 
transition (Yamano et al., 2000). 
1.5.4. The 26S proteasome 
The role of the 26S proteasome is to degrade misfolded or short-lived regulatory 
proteins, which had been labelled for degradation with a chain of ubiquitin molecules. 
The process of attaching polyubiquitin chains onto the substrates requires El and E2 
enzymes and often E3 ubiquitin ligases, two examples of which, the SCF and the APC/C 
have been described above. 
The eukaryotic proteasome is a highly conserved machinery in terms of both its 
structure and function. It is composed of two main particles: the catalytic 20S subunit 
(Chen and Hochstrasser, 1996; Lowe et al., 1995) and the 19S regulatory subunit (Chu-
Ping et al., 1994; Peters et al., 1994; Udvardy, 1993) (reviewed by Wilkinson et al., 
1999; Wolf and Hilt, 2004). The role of the 19S subunit is the recognition and selective 
binding of substrates, unfolding of the proteins, cleaving off ubiquitin tags (which can 
later recycled) and allowing the entry into the barrel-shape 20S subunit. Only unfolded 
proteins can enter the 20S subunit. These are selected prior to the entry by two pores 
formed by subunits of the 20S particle, which limit the entry size to around 2 run. This 
prevents folded proteins from entering the catalytic chamber. The 20S subunit has 
chymotrypsin, trypsin-like and acidic activity localised inside its inner core (reviewed by 
Wolf and Hilt, 2004). It is built up of four layers of ring-like structures, placed on top of 
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each other, where each ring consists of seven different subunits. The top and the bottom 
rings (which form the pores for substrate entry) are made up of al-a7 subunits, while the 
two middle rings are formed by two sets of 131-37 subunits. The active subunits, which 
perform the proteolysis are 01 (yeast Pre3), 02 (yeast Pup 1) and 15 (yeast Pre2) (Arendt 
and Hochstrasser, 1997; Groll et al., 1997; Heinemeyer et al., 1997). The proteolysis 
performed by the proteasome is processive and usually yields peptides of 4-14 
aminoacids (Nussbaum et al., 1998). 
The 19S regulatory complex (Glickman et al., 1999; Gorbea et al., 2000; Peters 
et al., 1994) is composed of at least 17 different regulatory particles in yeast. Eight of 
these (Rpn3, Rpn5-Rpn9, Rpnl 1, Rpnl2) form the lid, which is linked with the base by 
the RpnlO subunit (S5a in mammals). The base is formed by six ATPase subunits 
(Rptl-6), which are involved in unfolding and translocating proteins (Rubin et al., 1998) 
and two non-ATPase subunits Rpnl and Rpn2 (reviewed by Wolf and Hilt, 2004). 
A lot of research at the moment focuses on trying to understand the process of 
substrate recognition and delivery to the proteasome. Interestingly, RpnlO subunit has 
been shown to bind polyubiquitinated substrates via the UIM (ubiquitin-interacting 
motif) (Kitagawa et al., 2002) situated in its C-terminus (Elsasser et al., 2004; 
Hartmann-Petersen and Gordon, 2004a; Lam et al., 2002). Also, Dsk2 and Rad23 have 
been argued to perform similar roles. Both these proteins have a UBA (ubiquitin-
associated) domain, which can bind ubiquitin chains and ubiquitinated substrates as well 
as UBL (ubiquitin-like) domain, which can interact with the proteasome (Chen et al., 
2001; Elsasser et al., 2002; Elsasser et al., 2004; Hartmann-Petersen et al., 2003; 
Hartmann-Petersen and Gordon, 2004b; Wilkinson et al., 2001). Interestingly, the 
fission yeast RpnlO homologue, Pus 1, was shown to bind the Cut4 and Cut9 subunits of 
the APC/C, as well as Mts4 subunit of the proteasome. Similarly the Rad23 homologue, 
Rhp23 was shown to bind Mts4 and pull down Cut9, although this interaction may be 
mediated by chains of polyubiquitin on the APC/C substrates (Seeger et al., 2003). This 
led to a model, where these proteins (RpnlOfPusl and Rad23IRhp23) shuttle between 
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the E3 ubiquitin ligase and the proteasome and act to transport polyubiquitinated 
substrates to the proteasome (Hartmann-Petersen and Gordon, 2004a). Other proteins, 
such as Cici have also been implicated as possible adaptors in the process of delivery of 
polyubiquitinated substrates to the proteasome (Jager et al., 2001; Verma et al., 2004a). 
Apart from its role in degrading substrate proteins, the other important activity of 
the proteasome is the cleaving off polyubiquitin chains, which allows subsequent 
unfolding and proteolysis of the substrate. Several proteasome subunits: Doa4fUbp4, 
Ubp6, UCH37 and Rpnl 1 have been shown to have deubiquitinating activity (Arnerik et 
al., 2000; Borodovsky et al., 2001; Hanna et al., 2006; Papa et al., 1999). 
Because the proteasome is responsible for degrading many important regulatory 
proteins, such as p53, NF-kappa, p27Pl,  13-catenin, all associated with tumourgenisis 
and other diseases (reviewed by Ciechanover and Schwartz, 2004), targeting this 
complex machinery with drugs, such as bortezomib, is becoming an attractive strategy in 
cancer therapy (Mo and Moschos, 2005; Roccaro et al., 2006). 
1.6. Control of mitosis 
Chromosome segregation during mitosis has to be very precisely controlled. 
Defects occurring during this process can lead to aneuploidy, where the daughter cell 
receives an abnormal number of chromosomes (chromosome instability, CIN). When 
this happens during a meiotic division, birth defects, such as Down syndrome might take 
place. In somatic cells, excessive number of chromosomes is associated with tumour 
formation. Mutations in the spindle checkpoint components have been found in a 
number of cancers (see below). 
1.6.1. The spindle checkpoint 
The spindle checkpoint (or spindle assembly checkpoint) is a mechanism, which 
monitors the attachment of kinetochores to microtubules during mitosis. In the case 
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where not all kinetochores are attached in a bipolar manner, or there is not sufficient 
tension on the spindle microtubules (figure 1.5.), the spindle checkpoint induces a 
mitotic delay, which allows cells time for correcting defects and prevents premature 
sister separation (Rieder et al., 1994; reviewed by Musacchio and Hardwick, 2002). 
Figure 1.5. Defects in kinetochore - microtubule attachment recognised by the spindle checkpoint 
Proper, amphitelic attachment, each kinetochore attached to opposite pole 
Lack of attachment 
Syntelic attachment (both sister kinetochores attach to the same pole), which results in lack of tension 
Merotelic attachment (kinetochore attached to both poles) 
Components of the spindle assembly checkpoint are: Madi (Hardwick and 
Murray, 1995), Mad2 (He et al., 1997; Li and Benezra, 1996), Mad3fBubRl (Hardwick 
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et al., 2000; Miliband and Hardwick,. 2002; Taylor et al., 1998), Bubi (Bernard et al., 
1998; Roberts et al., 1994), Bub3 (Basu et al., 1998; Taylor et al., 1998) and 
Mpsl/Mphl (He et al., 1998; Weiss and Winey, 1996). These are described in the next 
section. Although the checkpoint proteins (apart from Mpsl) are not essential in yeast, 
they had been shown to play a role in embryonic viability in mice (Dobles et al., 2000; 
Kalitsis et al., 2000). Mutating or changing expression levels of the checkpoint proteins, 
such as Bubi, Bub3, BubRi and also Mad2 had been shown to lead to chromosomal 
instability (CIN) (Bernard et al., 1998; Burds et al., 2005; Cahill et al., 1998; Li and 
Murray, 1991; Shin et al., 2003; Sotillo et al., 2007; Warren et al., 2002), which is 
associated with tumourgenisis. 
Bubi was found to be mutated in human colorectal cancers (Cahill et al., 1998) 
and its abnormal levels were reported in gastric carcinomas (Shigeishi et al., 2001) and 
recently, in salivary gland tumours (Shigeishi et al., 2006). Although a number of studies 
argue that mutations of checkpoint genes are not frequent in human lung cancers (Haruki 
et al., 2001), there is evidence of upregulation of BubRi in these cell lines (Seike et al., 
2002). In contrast, low levels of another checkpoint protein, Mad2 were found in breast 
cancer cells (Li 'and Benezra, 1996). Additionally, Mad2 as well as Madl 
haploinsufficient mice were found to be more susceptible to cancer formation than wild-
type (Iwanaga et al., 2007; Michel et al., 2001). Numerous studies are currently being 
carried which will contribute to fuller understanding of the role of spindle checkpoint in 
cancer formation and the improvement of cancer treatment. 
1.6.2. Other mitotic checkpoints 
It is important to note that other mitotic surveillance mechanisms have been 
described. In human cells prometaphase is delayed when centrosome separation does 
not happen (Scolnick and Halazonetis, 2000). In addition to the spindle assembly 
checkpoint described above, a spindle orientation checkpoint has been discovered in S. 
pombe. This checkpoint monitors the integrity of cytoskeleton and delays anaphase 
onset until spindle poles had been correctly oriented (Gachet et al., 2001). The spindle 
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orientation checkpoint was shown to depend on a subset components of the spindle 
assembly checkpoint, Bubi, Bub3, Mad3 and Mphl, but not Madi and Mad2 
(Rajagopalan et al., 2004; Tournier et al., 2004). However, what mechanism is 
responding to defects in the spindle orientation and whether it is independent from the 
spindle checkpoint is still very controversial. 
In budding yeast a spindle position checkpoint had been found, which blocks 
mitotic exit until the spindle had positioned in the bud-neck of the mother cell. This 
ensures correct chromosome segregation in anaphase (Adames et al., 2001). It acts by 
controlling the Cdc14 phosphatase, which is responsible for dephosphorylating Cdhl 
and converting it to a form, which can activate the APC/C from anaphase throughout Gi 
(Visintin et al., 1998) and also induces Sici to inactivate Cdkl (Nugroho and 
Mendenhall, 1994). Activating Cdcl4 is dependent on Teml GTP-ase (Shirayama et al., 
1994; Yoshida et al., 2002), which is the key component of the mitotic exit network 
(MEN). This network is kept inactive by Bub2/Bfal complex, components of the spindle 
position checkpoint (Bloecher et al., 2000; Fraschini et al., 2006; Lee et al., 2001; Wang 
et al., 2000). 
1.6.3. Aurora kinase family 
Members of the aurora kinase family are key regulators of chromosome 
segregation and cytokinesis and are required for maintaining genome stability (Adams et 
al., 2001b; Bischoff and Plowman, 1999; Ducat and Zheng, 2004; Giet and Prigent, 
1999; Li and Li, 2006). Abnormal levels of aurora kinases had been associated with cell 
malignancy (Bischoff et al., 1998; Katayama et al., 2003; Takahashi et al., 2000; Tanaka 
et al., 1999; Vischioni et al., 2006), which makes aurora an attractive anti-cancer drug 
target (Warner et al., 2003); (reviewed by Keen and Taylor, 2004 and Andrews, 2005). 
There are three types of aurora kinases in vertebrates: aurora A, aurora B and 
aurora C but only single aurora homologues in yeast: Ipii in budding yeast (Chan and 
Botstein, 1993) and Arki in fission yeast (Petersen et al., 2001), which presumably 
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combine the functions of the different aurora classes seen in higher organisms. While 
Aurora C is involved in regulation of cilia and flagella (Pan et al., 2004), Aurora A and 
B are essential for mitosis. Aurora A controls entry into mitosis (Hirota et al., 2003) and 
is required for correct function of centrosomes and spindle assembly (reviewed by Giet 
and Prigent, 1999; Giet and Prigent, 2001). Moreover, it might be involved in regulating 
the stability of tumour suppressor gene, p53 (Katayama et al., 2004). 
Aurora B is a part of the chromosomal passenger complex consisting of 
INCENP, survivin and borealin. The passenger proteins have a characteristic localisation 
pattern; they localise to the centromere in prometaphase and metaphase, then move onto 
the mitotic spindle and eventually accumulate in the spindle midzone and participate in 
cytokinesis (Adams et al., 2000; reviewed by Adams et al., 2001a). 
Aurora BIIpll is required for chromosome alignment, segregation and 
cytokinesis (Ditchfield et al., 2003; reviewed by Andrews, 2005). It has been shown to 
specifically regulate microtubule-kinetochore attachments and correct attachment 
defects, most likely by sensing the lack of tension which accompanies them and in 
response to that activating the spindle checkpoint (Biggins and Murray, 2001). This idea 
has been supported by a number of studies, which proposed a model that Aurora BIIpll 
acts by generating unattached kinetochores at sites, which are not under sufficient 
tension (Cimirn et al., 2006; Haul et al., 2003; Pinsky et al., 2006). This in turn leads to 
the spindle checkpoint activation and mitotic arrest (Hauf et al., 2003; Pinsky et al., 
2006). 
Another role of aurora B is ensuring chromosome bi-orientation (Murata-Hori 
and Wang, 2002; reviewed by Tanaka, 2005). Several mechanisms had been suggested, 
such as promoting the turnover of kinetochore-SPB connections until sufficient tension 
is achieved on the chromatin (Tanaka et al., 2002). Other mechanisms might involve 
phosphorylation of kinetochore components which are important for chromosome 
biorientation, such as microtubule binding proteins, Dami (Cheeseman et al., 2002), the 
Ndc80 complex (Cheeseman et al., 2006) and MCAK (Andrews et al., 2004; Lan et al., 
2004). MCAK (mitotic centromere associated kinesin) has microtubule depolymerising 
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activity and its disruption leads to an increase in numbers of syntelic attachments and 
monooriented chromosomes (Kline-Smith et al., 2004). Aurora kinase was shown to be 
required for its activity and localisation (Andrews et al., 2004). 
The S. pombe single aurora kinase, Arki functionally resembles Aurora A 
(required for spindle formation) and Aurora B (role in kinetochore-microtubule 
interactions, required for chromosome condensation and segregation) (Petersen et al., 
2001; Petersen and Hagan, 2003). It has also been shown to be required for cytokinesis 
(Leverson et al., 2002; Petersen and Hagan, 2003). Like its vertebrate and budding yeast 
homologues, it associates with chromosomal passenger proteins: Cut17 (Birl/survivin) 
and Picl (JNCENP) (Leverson et al., 2002; Petersen and Hagan, 2003) and Cutl7 is 
required for its kinase activity (Petersen and Hagan, 2003). Unlike its budding yeast 
homologue, Arki has not been associated with tension sensing, but importantly, it has 
been shown to be required for chromosome condendation and spindle checkpoint 
response (Petersen and Hagan, 2003). 
1.6.4. Polo kinase 
The Polo kinases are a group of serine/threonine kinases, which play multiple 
roles in controlling the eukaryotic cell cycle (Golsteyn et al., 1996). Polo was initially 
discovered as a Drosophila gene, which when mutated led to an abnormally broad 
spindle poles and highly branched mitotic spindles (Sunkel and Glover, 1988). It was 
soon discovered, that it encoded a protein required for mitosis (Llamazares et al., 199 1) 
and it is now well understood that the family of polo-like kinases are important for a 
number of mitotic processes (reviewed by Glover et al., 1998; Donaldson et al., 2001). 
There are multiple polo kinases in mammalian cells, but only single homologues in yeast 
and Drosophila. The budding yeast polo-like kinase, Cdc5 was initially isolated in a 
mutant, which led to defective mitosis (Hartwell and Smith, 1985). In S. pombe, the 
single polo-like kinase, Plol was shown to be required for the bipolar formation of 
mitotic spindle (Ohkura et al., 1995). The same phenotype was observed in human cells 
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(Lane and Nigg, 1996). This is thought to be a result of defect in centrosome/spindle 
pole body separation or duplication defect. Plol is also required for the formation of an 
actin ring and subsequent septation in S. pombe (Bahler et al., 1998a; Ohkura et al., 
1995). In addition to controlling mitotic exit, Polo also controls mitotic entry by 
regulating the MPF (Abrieu et al., 1998; Karaiskou et al., 1999). 
Polo kinases contribute to the accuracy of chromosome segregation in a number 
of ways. They had been proposed to phosphorylate and regulate the checkpoint protein 
Mad3IBubR1 (Li et al., 1999; Rancati et al., 2005). Plkl phosphorylates Emil, an 
APC/C inhibitor, which targets it for SCF-dependent degradation (Hansen et al., 2004). 
Importantly, Plol has been shown to interact directly with the S. pombe APC/C (May et 
al., 2002; Shirayama et al., 1998) and to phosphoiylate it (Golan et al., 2002; Kraft et al., 
2003), which may be important for the APC/C activity. Moreover, phosphorylation by 
polo is the mechanism, which leads cohesin dissociation from chromosome arms in early 
mitosis (Alexandra et al., 2001). 
In addition to the function in mitosis, polo kinases were shown to play a role in 
the DNA damage checkpoint (Smits et al., 2000; Toczyski et al., 1997). 
It is clear that this family of proteins are important for numerous crucial processes in the 
cell cycle. 
1.7. Other checkpoints controlling the cell cycle 
Apart from carefully monitoring mitosis, cells also control other crucial events 
during the cell cycle. The DNA damage checkpoint operates in response to DNA 
damage caused by UV light and y radiation, throughout the cell cycle. The G2 arrest 
allows cells to repair the double strand before mitosis. If cells are arrested in Gi or S 
phase, this prevents copying damaged bases and prevents chromosomal rearrangements. 
Importantly, mutations in genes involved in the DNA damage checkpoint, such as ATM 
or Chk2 (Matsuoka et al., 1998) have been found in cancers. ATM and Chk2 contribute 
to the activation of a tumour suppressor, p53 (Chen et al., 2005), which acts by 
increasing the activity of several genes, such as p21. p21 inhibits Cyclin/Cdk, which 
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leads to an arrest (Harper et al., 1995). In some cases p53 activity can trigger apoptosis 
(reviewed by Osborn et al., 2002). 
In addition to the DNA damage checkpoint, the unreplicated DNA checkpoint 
inhibits Cyclin/Cdkl until the DNA had been replicated. This is done by inhibitory 
phosphorylation of Cdc25 phosphatase, which prevents entry into mitosis (Sanchez et 
al., 1997). 
1.8. The spindle checkpoint components - summary 
The spindle checkpoint proteins had been identified through genetic screens in 
budding yeast. Mutant mad (mitotic arrest deficient) (Li and Murray, 1991) and bub 
(budding uninhibited by benzimidazole) (Hoyt et al., 1991) genes were discovered in 
strains that did not delay mitosis in response to microtubule disruption. These mutants 
progress within the cell cycle, which results in cell death. Although the Mad and Bub 
proteins are not essential for viability in yeast, their mutations increase chromosome 
loss. The checkpoint proteins have homologues in all eukaryotes. 
1.8.1. The core checkpoint components 
Madi was discovered as a budding yeast protein, which did not respond to 
microtubule depolymerisation (Hardwick and Murray, 1995). It was shown to be 
hyperphosphorylated in cells treated with benomyl, which was the first indication that 
phosphorylation was important for checkpoint signalling. The kinase responsible for this 
modification is thought to be another checkpoint component, Mpsl (see below) 
(Hardwick et al., 1996; Weiss and Winey, 1996). 
Madi forms a complexes with Mad2 (Chen et al., 1999; Sironi et al., 2001), and 
with Bubi and Bub3 (Brady and Hardwick, 2000) and both these complexes are 
essential for checkpoint function. Interestingly, the Mad 1/Mad2 complex co-localises at 
the nuclear envelope during interphase (Campbell et al., 2001), where Madi interacts 
with the nuclear transport machinery (Scott et al., 2005). During mitosis however, like 
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all checkpoint proteins, Madi localises to the kinetochores (Chen et al., 1998) and is one 
of the two checkpoint proteins (the second one being Bubi) most stably associated with 
these structures (Howell et al., 2004). Madi kinetochore localisation depends on Bubi 
(Sharp-Baker and Chen, 2001) as well as on kinetochore component CENP-I (Liu et al., 
2003b). Importantly, it is required for Mad2 association with unattached kinetochores 
(Chen et al., 1998) and its subsequent conversion to a form capable of binding Cdc20 
(De Antoni et al., 2005). 
Mad2 is the most extensively studied checkpoint protein. Mad2 null mutants 
show chromosome segregation defects, which lead to aneuploidy in organisms ranging 
from yeast to mice (Dobles et al., 2000; Li and Murray, 1991). Mad2 was shown to 
interact genetically and biochemically with the APCIC activator Cdc20/Slpl (Hwang et 
al., 1998; Kim et al., 1998). This interaction is required for checkpoint function, and 
cdc20 mutants, which do not bind Mad2 and Mad3 were found to be checkpoint-
deficient (Hwang et al., 1998). Mad2 was the first protein found to interact with and 
inhibit the APCIC (Fang et al., 1998a; He et al., 1997; Kallio et al., 1998; Li et al., 1997; 
Wassmann and Benezra, 1998). It was not until a couple of years later that studies 
described the potential of other checkpoint components, such as BubRlIMad3 and Bub3 
to inhibit the APCIC independently of Mad2 (Tang et al., 2001a) as well as the 
synergistic effect of combining Mad2 with BubRlIMad3 and Bub3 in APC/C" 20 
inhibition (Davenport et al., 2006; Fang, 2002; Sudakin et al., 2001). This complex was 
described as the Mitotic Checkpoint complex or the MCC (see chapter 4). The favoured 
models of the spindle checkpoint distinguish two separate inhibitory complexes 
containing Mad2 and Cdc20: the MCC, which also contains Mad3fBubRl (and in some 
organisms Bub3) and a more abundant Mad2-Cdc20 complex (Bharadwaj and Yu, 2004; 
Fang, 2002; Poddar et al., 2005). The difference in roles of these two complexes is not 
clear. 
Mad2 localises to unattached kinetochores in mitosis and disappears from these 
structures upon kinetochore attachment to the microtubules to be translocated via spindle 
microtubules to the spindle poles (Chen et al., 1996; Howell et al., 2000; Ikui et al., 
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2002; Li and Benezra., 1996; Waters et al., 1998; Waters et al., 1999). The dynamics of 
Mad2-kinetochore interaction had been measured by FRAP and the half-time of this 
interaction was estimated at 21-28 seconds (Howell et al., 2004; Howell et al., 2000). It 
is possible that this dynamic behaviour could be important for the signalling properties 
of Mad2. Interestingly, only around 56% of the kinetochore associated Mad2 could 
recover after photobleaching, which indicates that there is a stable pool bound to the 
kinetochore as well as a dynamic pool exchanging rapidly (Shah et al., 2004). 
Mad2 requires Madi for localising to the kinetochore (Chen et al., 1998; Luo et 
al., 2002; Sironi et al., 2001). Moreover, Mad2 forms a complex with Mad  (Chen et al., 
1998; Chen et al., 1999; Hardwick and Murray, 1995) and this association is negatively 
regulated by Mad2 phosphorylation in human cells (Wassmann et al., 2003). The crystal 
structure of the Madl-Mad2 complex has been solved providing insight into structural 
and biochemical properties of this complex. Importantly, it provided information on how 
this complex might favour Mad2-Cdc20 interaction (Sironi et al., 2002). Madi and 
Cdc20 share a common consensus Mad2 binding sequence (Luo et al., 2002), which 
makes Madl a competitive inhibitor of Cdc20. It has been suggested that the 
Madl/Mad2 complex might regulate the rate of Mad2-Cdc2O complex formation (Sironi 
et al., 2002). 
The recent model of checkpoint activation (the template model) proposes that 
there are two conformations, that Mad2 can adopt: "open" Mad2 (oMad2) and "closed" 
Mad2 (cMad2), where only cMad2 can bind other proteins, such as Cdc20. In this model 
(De Antoni et al., 2005) Madi is bound to the kinetochore and forms a tight complex 
with cMad2. This complex serves as a template for the-recruitment of additional oMad2 
molecules, which by binding to the Madl-cMad2 complex become converted to cMad2 
form, which can consequently bind and inhibit Cdc20 protein. This could explain why 
Madl is required for Mad2-dependent inhibition of Cdc20 in vivo (Chung and Chen, 
2002; Hwang et al., 1998) and why a pool of Mad2 was found stably associated with the 
kinetochores (Shah et al., 2004). However, there is also data challenging this model, 
showing that the Mad2-Cdc20 complex can also be assembled without the presence of 
kinetochore (Poddar et al., 2005). 
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Mad3 is the yeast homologue of the human/Xenopus protein BubRi, although it 
is lacking the kinase domain (see chapter 5) (Chan et al., 1999). Mad3IBubR1 interacts 
with Mad2 and Cdc20/Slpl and in human cells as well as budding yeast also with Bub3 
(Hardwick et al., 2000; Miliband and Hardwick, 2002; Sudakin et al., 2001) and as 
mentioned before, this complex inhibits the APC/C (Sudakin et al., 2001; Sudakin and 
Yen, 2004). BubRi can also bind and inhibit the human APCIC independently of Mad2 
(Tang et al., 2001a). Nevertheless, Mad3 was shown to be required for Mad2-dependent 
APCIC inhibition in S. pombe (Millband and Hardwick, 2002). 
Mad3fBubR1 is distributed throughout the nucleus during interphase and 
localises to the unattached kinetochores upon a mitotic arrest (Chen, 2002; Millband and 
Hardwick, 2002). This association depends on Bubi, Bub3 and Mphl in S. pombe 
(Millband and Hardwick, 2002) and Madi and Bubi in Xenopus egg extracts. Xenopus 
BubRi also regulates Madl, Mad2, Bubl, Bub3 and CENP-E kinetochore localisation 
(Chen, 2002). 
Its association with kinetochores is again dynamic. Howell and colleagues 
distinguished two populations of BubRi: one very dynamic, associating with the 
kinetochores at tii2 = 1-3 seconds and a slower population, at t1,2 = 21-23 seconds, which 
resembles Mad2 dynamics (Howell et al., 2004). 
BubRl has been argued to play a double role in the spindle checkpoint: one as 
part of MCC in direct inhibition of the APCIC and another one in signalling and 
regulation of microtubule-kinetochore attachment defects (Lampson and Kapoor, 2005; 
Yoon et al., 2005) and chromosome movement (Harris et al., 2005). This could be 
possibly through regulating CENP-E function (Harris et al., 2005), which was shown to 
interact with BubRi (Chan et al., 1998) and depend on it for kinetochore localisation 
(Chen, 2002). 
The function of BubRi in chromosome segregation is presumably BubRi-
specific, as it has been assigned to the C-terminal kinase domain, which Mad3 is 
lacking. 
Human BubRi as well as budding yeast Mad3 is phosphorylated during mitotic arrest 
and this modification is likely due to Polo (CdcS) or Aurora (Ipli) kinase action (Li et 
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al., 1999; Rancati et al., 2005; Taylor et al., 2001); (Emma King, unpublished results). It 
also depends on Mad  and Bubi checkpoint components (Chen, 2002). 
Interestingly, BubRi has also been implicated to function as a kinetochore 
tension sensor (Shannon et al., 2002). This means that it would generate a checkpoint 
response in case the kinetochore-attached microtubules are not under tension sufficient 
for equal chromosome segregation. Mad3 and the MCC are also discussed in chapters 4 
and 5. 
Bubi is a protein kinase homologous to BubRi and Mad3. It was initially 
identified in budding yeast as a protein required for mitotic arrest in response to 
microtubule damage, which interacts with Bub3 and catalyses its phosphorylation 
(Roberts et al., 1994). Bubi forms a constitutive complex with Bub3 (Roberts et al., 
1994) and binds Madi when the spindle checkpoint is activated (Brady and Hardwick, 
2000). This Bubl-Madl-Bub3 complex has been shown to be important for checkpoint 
function (Brady and Hardwick, 2000). 
Importantly, Bubi localises to the kinetochore every mitosis (Bernard et al., 
1998; Toyoda et al., 2002) and is required for' the recruitment of other checkpoint 
components in S. pombe (Millband and Hardwick, 2002; Vanoosthuyse et al., 2004), in 
Xenopus (Sharp-Baker and Chen, 2001) and human cells (Johnson et al., 2004). bubi 
mutant, which perturbs its kinetochore localisation and kinetochore localisation of other 
checkpoint components is also checkpoint-deficient (Kadura et al., 2005; Vanoosthuyse 
et al., 2004), which reflects the importance of kinetochore targeting for the checkpoint. 
The dynamics of this association was measured by FRAP, which showed that most of 
Bubi is stably resident on the kinetochore in human cells (Howell et al., 2004; Shah et 
al., 2004). This is also the case in S. pombe (Karen May, unpublished results). This 
observation led to a model, where Bubi and Mad  (and possibly a pool of Mad2) form a 
scaffold at the kinetochore, which could recruit and possibly modify, or simply bring 
together in proximity, the other more dynamic checkpoint components, such as Mad2, 
Mad3 and Bub3 (Shah et al., 2004). 
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As mentioned before, Bubi is required for checkpoint in response to microtubule 
destabilisation (Bernard et al., 1998; Meraldi and Sorger, 2005). However, it has also 
been shown that during normal mitosis, bubi deletion leads to elevated levels of lagging 
chromosomes and chromosome loss (Bernard et al., 1998; Vanoosthuyse et al., 2004). 
Lagging chromosomes are thought to arise as a result of merotelic attachment, where 
one kinetochore is attached to microtubules emanating from both poles (see figure 
1.5.13). Vertebrate Bub 1 has also been shown to be required for chromosome 
congression at the metaphase plate (Johnson et al., 2004; Meraldi and Sorger, 2005) and 
for monitoring kinetochore-microtubule attachments (Meraldi and Sorger, 2005; 
Morrow et al., 2005). Interestingly, it is also required for maintaining centromeric 
cohesion between sister chromatids during meiosis I (Bernard et al., 2001). The protein 
responsible for protection of Rec8/Sccl cohesin subunit during meiosis is called 
Shugoshin (Sgol/Sgo2) (Watanabe and Kitajima, 2005) (see section 1.4.). Bubi was 
shown to be required for Sgol centromeric localisation and loss of this localisation 
results in premature loss of cohesion in S. pombe (Kitajima et al., 2005; Watanabe and 
Kitajima, 2005). Consistent with this observation, depletion of either Sgol or Bubi in 
human cells results in chromosome missegregation (Tang et al., 2004b). In fission yeast, 
Bubi contributes to maintaining cohesion in meiosis by controlling Sgol localisation, 
and additionally acts with Sgo2 to promote coorientation of kinetochores in meiosis I 
(Vaur et al., 2005). 
There is controversy regarding the function of the C-terminal kinase domain of 
Bub 1. Studies in S. pombe show that, while important for chromosome segregation 
(Vanoosthuyse et al., 2004; Yamaguchi et al., 2003), the kinase activity is not required 
for checkpoint function nor the localisation of Bubi or other checkpoint proteins to the 
kinetochore (Vanoosthuyse et al., 2004). This is in agreement with studies in Xenopus 
(Sharp-Baker and Chen, 2001). However Chen and colleagues showed that in the same 
organism, the Bubi kinase activity is indeed required for the checkpoint function, but 
only in the presence of small doses of nocodazole (Chen, 2004). One explanation of this 
would be that Bubi kinase activity is required to amplify the signal, which presumably 
is much weaker when less microtubule-kinetochore defects occur. In S. pombe although 
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there are some data showing that the kinase domain is required for checkpoint arrest 
(Yamaguchi et al., 2003) this is still controversial (V. Vanoosthuyse, personal 
communication). 
Bubi is phosphorylated by Cdc2 and this phosphorylation was shown to be 
important for its checkpoint activity and localisation in S. pombe (Yamaguchi et al., 
2003). Whether this phosphorylation is checkpoint-dependent or not might depend on 
the organism. There is also evidence that it is a substrate of MAPK (mitogen-activated-
protein-kinase) and that phosphorylation by this kinase is required for both, Bubi 
function in the checkpoint and its kinase activity (Chen, 2004). 
Although not much is known about Bubi substrates, it has recently been shown 
that a target of Bubi is human Cdc20, the mitotic APC/C activator protein (Tang et al., 
2004a). Moreover, the authors found that this phosphorylation was important for full 
inhibition of APC/C 2° by the checkpoint proteins, providing an additional checkpoint 
mechanism. These finding are however in controversy with the idea that Bubi kinase is 
not required for the checkpoint. It has also been shown that Bubi together with Aurora 
B act to maintain BubRi - mediated inhibition of APC/C 2° (Morrow et al., 2005), 
however it is not clear yet whether this depends on Bubi kinase activity. 
Bub3 is another checkpoint component, which is required for mitotic arrest in 
response to microtubule disruption (Hoyt et al., 1991; Roberts et al., 1994). It forms a 
complex with Bubi (Martinez-Exposito et al., 1999; Roberts et al., 1994; Taylor et al., 
1998), which is required for Bub3 kinetochore targeting (Basu et al., 1998; Sharp-Baker 
and Chen, 2001; Taylor et al., 1998; Vanoosthuyse et al., 2004). In contrast to Madi and 
Mad2 proteins, Bubi and Bub3 can be found on the kinetochores every mitosis in 
budding yeast (Gillett et al., 2004). Bub1-Bub3 also forms a complex with Madi in 
budding yeast. This complex is required for the checkpoint and its levels increase upon 
checkpoint activation (Brady and Hardwick, 2000). 
Bub3 can also be found as part of another complex in budding yeast and human 
cells, the MCC, which consists of Mad2, Mad3fBubR1 and Cdc20 (see above and 
chapter 4) (Fraschini et al., 2001b; Poddar et al., 2005; Sudakin et al., 2001). This 
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complex binds and inhibits the APC/C in HeLa cells (Sudakin et al., 2001). In budding 
yeast there is so far no evidence of such interaction. Bub3 was shown to interact with 
Bubi and BubRlIMad3 via a sequence that these proteins share, called the GLE2p-
binding sequence (Wang et al., 2001b) (Wang et al., 2001b) which forms an interface 
required for the formation of these complexes and mutations that disrupt it render cells 
checkpoint deficient (Larsen et al., 2007). Bub3 was also implicated to act alongside 
BubRi as a potential sensor of the lack of tension between kinetochores and 
microtubules (Logarinho et al., 2004). 
Mpsl was first discovered as a protein required for spindle pole body duplication 
in budding yeast, mutations in which resulted in fflonoQolar 5pindles phenotype (Winey 
et al., 1991). Further studies described it as a dual-specificity serine/threonine/tyrosine 
kinase involved in cell cycle control (Lauze et al., 1995). mpsl mutants progress through 
the cell cycle despite the lack of a bipolar spindle, and they do not arrest in response to 
nocodazole treatment indicating that Mpsl is a component of the spindle checkpoint 
machinery (Liu et al., 2003a; Weiss and Winey, 1996). Moreover, overexpression of 
Mpsl in budding yeast results in a mitotic arrest, which is dependent on the checkpoint 
components (Hardwick et al., 1996). 
Mpsl was shown to directly phosphorylate the Madl checkpoint protein in 
budding yeast (Hardwick et al., 1996). At the same time, there are results, which suggest 
that Madl phosphorylation is important for checkpoint arrest (Hardwick and Murray,' 
1995). Not much is known about other potential Mpsl/Mphl substrates. There is recent 
evidence that human Mpsl binds APC/C subunits: Cdcl6 and Cdc27 (Liu et al., 2003a), 
however it has not been correlated with any phosphorylation events. 
Mpsl localises to the kinetochore in mitosis (Abrieu et al., 2001; Fisk and 
Winey, 2001; Howell et al., 2004; Stucke et al., 2002) and is required for the recruitment 
of CENP-E and subsequently Madl and Mad2 to the kinetochore (Abrieu et al., 2001; 
Fisk et al., 2003; Stucke et al., 2002). 
Apart from its role in the SPB duplication and the spindle checkpoint, Mps 1 has 
also been shown to be important for cytokinesis (Fisk et al., 2003). Other roles might 
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include spindle formation, kinetochore positioning in metaphase and sister chromatid 
segregation (Gilliland et al., 2005; Jones et al., 2005). 
Mpsl has homologues in all other studied organisms (Abrieu et al., 2001; Fisk 
and Winey, 2001; He et al., 1998; Mills et al., 1992) which may or may not be required 
for SPB/centrosome duplication, depending on the organism studied (Fisk et al., 2003; 
Fisk and Winey, 2001; He et al., 1998; Stucke et al., 2002; Winey et al., 1991). The S. 
pombe Mpsl homologue, Mphl was identified through a screen for proteins, which 
cause cell cycle arrest when overexpressed (He et al., 1998). In contrast to Mpsl, Mphl 
is not essential for viability. It is also not required for SPB duplication in S. pombe (He 
et al., 1998).-Both proteins (He et al., 1998) can rescue each other's checkpoint-deficient 
phenotype, which shows that this function of Mpsl is conserved between the two yeast 
species (He et al., 1998). 
Mphl is hyperphosphorylated in a mitotic arrest, possibly due to 
autophosphorylation. mphlA strains show sensitivity to microtubule depolymerising 
drugs (He et al., 1998) and substantial chromosome segregation defects (Laura Milne, 
unpublished results). Mph  substrates remain to be identified. It is however clear that the 
Mphl kinase activity is required for checkpoint arrest (Laura Milne, unpublished 
results). 
1.8.2. Other proteins required for the checkpoint 
The Rod/ZwlO complex is an additional checkpoint component not found in 
yeast, presumably due to the metazoan requirement for a more elaborate checkpoint 
mechanism (Chan et al., 2000). 'Rod (Rough deal) and ZwlO (Zeste white) proteins are 
kinetochore components, which not only co-localise with each other (Scaerou et al., 
2001; Williams and Goldberg, 1994) but they also associate in a complex of 700-900 
kDa (Scaerou et al., 2001). It has been recently shown that this complex also contains 
another component, representing the same phenotype when mutated, the Zwilch protein 
(Williams et al., 2003). Mutations in either of the genes result in lagging chromosomes, 
chromosome missegregation and subsequent aneuploidy and cell death in Drosophila as 
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well as in human cell lines (Karess and Glover, 1989; Scaerou et al., 2001; Williams et 
al., 1992; Williams et al., 2003). They do not however have additive effects, indicative 
of proteins functioning in the same pathway (Scaerou et al., 2001). Mutants in rod and 
zwlO genes fail to arrest in response to microtubule damage, which is characteristic of 
spindle checkpoint components (Basto et al., 2000; Chan et al., 2000). Moreover, Rod is 
required for targeting Mad2 to the unattached kinetochore and co-localises with Mad2 at 
the kinetochore and along spindle microtubules after chromosome attachment (Buffm et 
al., 2005). Based on that, the Rod/ZwlO complex has been argued to promote or 
facilitate binding of the Mad 1/Mad2 complex to the kinetochore (Buffm et al., 2005), 
which would then bind more Mad2 and convert it into the inhibitory Mad2 form (De 
Antoni et al., 2005). Once the spindle checkpoint is satisfied, this complex could be 
transferred along the spindle in a Rod/ZwlO-dependent manner (since these had been 
shown to be required for targeting dynein/dynactin to the kinetochore (Starr et al., 
1998)), and this mechanism could contribute checkpoint inactivation (Buffin et al., 
2005) (see also 1.10.). 
ZwlO had been argued to play the role of a "linker" connecting the checkpoint 
proteins with the structural components of the kinetochore, such as Mis 12 and Ndc80-
Heel (Kops et al., 2005). 
Aurora B/IplJJArkl 
As mentioned before (section 1.6.3.), in budding yeast Aurora BfIpll is required 
for delaying cell cycle progression in the case of lack of tension on the kinetochores 
(Biggins and Murray, 2001). Aurora BfIpll is thought to activate the spindle checkpoint 
in response to such defects, most likely by destabilising these attachments, which are not 
under tension and thereby generating unattached kinetochores (Cimini et al., 2006; Haul 
et al., 2003; Pinsky et al., 2006). Moreover, it is required for the recruitment of 
checkpoint components: Mpsl, Mad2, BubRi, Bubi, Bub3 and CENP-E to the 
kinetochores (Ditchlield et al., 2003; Vigneron et al., 2004). 
The fission yeast single aurora kinase, Arki has not been implicated in tension 
sensing so far. However, ark] mutants do not arrest in response to treatment with 
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microtubule depolymerising drug, CBZ (Petersen and Hagan, 2003) indicating an 
essential role in the spindle checkpoint. This corresponds with reduced Mad2 
localisation to the kinetochore and disruption of the Mad2IMad3 complex (Petersen and 
Hagan, 2003). 
1.9. The role of kinetochores in checkpoint signalling 
The complex, multiprotein structures which form at the centromeres of 
condensed chromosomes, called the kinetochores, had always been considered as the 
main source of the signal which delays anaphase in cells. This idea has initially emerged 
from studies by Conly Rieder (1995), who showed that in a cell with unattached 
kinetochores, arrested in mitosis by the mitotic checkpoint, the cell can only then 
progress into anaphase, when the last unattached kinetochore is destroyed by laser 
ablation (Rieder et al., 1995). 
Mutations in kinetochore components, which alter its structure and prevent stable 
microtubule-kinetochore interactions, activate the Mad/Bub-dependent checkpoint 
(Pangilinan and Spencer, 1996; Wang and Burke, 1995). Many studies highlight the role 
of kinetochore proteins in the control of proper chromosome segregation and their 
importance for the checkpoint. Proteins such as the CBF3 complex (Gardner et al., 
2001), Heel, ZwlO and Zwint-1 (Lin et al., 2006) had been shown to be required for 
checkpoint function and faithful chromosome segregation. Together with Nuf2, Heel is 
part of the conserved Ndc80 complex, which is situated in the outer kinetochore and is 
considered as the direct link between kinetochore components and the microtubules 
(DeLuca et al., 2005; Nabetani et al., 2001; Wei et al., 2007). Nuf2 together with Mis6 
component of the S. pombe kinetochore is important for the recruitment of Mad2 to the 
kinetochore when kinetochore-microtubule attachment in challenged (Saitoh et al., 
2005). Also several other kinetochore- associated proteins, such as CENP-E, CENP-F 
and MAPK, have been shown to link microtubule-kinetochore attachment with the 
spindle checkpoint (Chen, 2004; Holt et al., 2005; Weaver et al., 2003; Yao et al., 2000; 
Thao and Chen, 2006). CENP-E, which plays a role in controlling BubRi activity (Mao 
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et al., 2003; Weaver et al., 2003) has additionally been argued to play a role in 
checkpoint silencing (Mao et al., 2005). All these data show the dependency of the 
checkpoint mechanism on the kinetochores. 
Importantly all checkpoint components are recruited to the unattached 
kinetochore as soon as the checkpoint is activated and there is strong evidence that this 
association is crucial for checkpoint signalling (Kadura et al., 2005; Taylor et at., 1998; 
Vanoosthuyse and Hardwick, 2003). The binding of most checkpoint proteins to the 
kinetochore is very dynamic (Howell et at., 2004; Shah et at., 2004), raising the 
possibility that kinetochores might serve as sites required either for activation of these 
proteins (for example by phosphorylation), the exchange of binding partners or complex 
assembly (Musacchio and Hardwick, 2002). This seems to be the case for Mad2, whose 
recent studies contributed significantly to the mechanistic understanding of the spindle 
checkpoint.. In the "template model" proposed by De Antoni, only then can Mad2 bind 
and inhibit Cdc20 when it had been converted to a "closed" conformation by a 
kinetochore-bound Madl-Mad2 complex (De Antoni et al., 2005; Nezi et at., 2006). 
Therefore kinetochores seem to be required for checkpoint function. 
This concept is challenged by studies, which show that the main inhibitory 
complex, the MCC (see chapter 4) can be formed in the absence of mature kinetochore 
structures (Fraschini et at., 2001b; Poddar et al., 2005; Sudakin and Yen, 2004) or 
without kinetochore localisation of its components (this study). Although, the role of the 
kinetochores in propagation and transmition of the checkpoint signal is generally 








1.6. Model of the kinetochore dependent checkpoint activation 
1.10. Silencing the checkpoint 
Once the microtubules had attached to the kinetochores in a bipolar manner, the 
checkpoint needs to be inactivated in order for anaphase to take place. Several 
mechanisms had been suggested to explain how this is happening. Kinetochore 
associated microtubule motors, dyneinldynactin and CENP-E had been associated with 
this process. RodIZwlO kinetochore components, which are required for checkpoint 
function (see chapter 1.7.2) are required for the recruitment of dyneinldynactin to the 
kinetochore (Buffin et al., 2005) which then contributes to the removal of Mad2, BubRi 
and CENP-E from these structures and presumably checkpoint silencing. These proteins 
are most likely distributed by poleward transport to the spindle and spindle poles in a 
dynein/dynactin-dependent manner (Howell et al., 2001). CENP-E seems to employ a 
different mechanism to inhibit checkpoint proteins and acts by silencing BubRi kinase 
activity once the microtubules had been captured (Mao et al., 2005). 
Another mechanism was proposed by the Murray group, who discovered that the 
Mpsl kinase, an essential checkpoint component is degraded in an APC/C-dependent 
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fashion at anaphase (Paiframan et al., 2006). This impairs the checkpoint signalling 
pathway and allows progression into anaphase. 
Finally, a new "player" was introduced to explain the mechanism of vertebrate 
checkpoint silencing; a protein that counteracts the action of Mad2. p31 (Xia et al., 
2004), formerly known as Cmt2, has been shown to interact with Mad2, interestingly, at 
a time when the Mad2-Cdc2O inhibitory complex disassembles (Habu et al., 2002). 
Moreover, it was shown to interact exclusively with the Cdc20-bound Mad2. Strikingly, 
the removal of p3! (Xia et al., 2004) prolonged the metaphase arrest of cells which had 
been released from a nocodazole arrest, indicating that this protein is required for 
inactivating the checkpoint, most likely by counteracting the activity of Mad2 (Xia et al., 
2004). No yeast homologue of p31 (Xia et al., 2004) has yet been discovered. 
1.11. Aim of the study 
In this study I attempt to understand how the spindle checkpoint inhibits the 
Anaphase Promoting Complex/Cyclosome in Schizosaccharomyces pombe. I analyse the 
physical interactions between the checkpoint proteins and the APC/C as well as its 
activator, Slpl. I focus on the Mitotic Checkpoint Complex (MCC), which in S. pombe 
consists of Mad2, Mad3 and Slpl and analyse the determinants of the formation of this 
complex. I consequently try to understand how the MCC inhibits the APC/C. I ask what 
determines the interaction of these two complexes and generate possible models to 
describe the mechanisms of APC/C inhibition. I focus in particular on the role of Mad3 
checkpoint protein and the conserved motifs in this protein, the KEN boxes in the 
assembly of the MCC-APC/C complex and in mediating the inhibitory checkpoint 
signal. In order to complement biochemical studies and to get a clearer understanding of 
the inhibition process taking place upon checkpoint activation I also attempt to localise 
the targets of the spindle checkpoint (Slpl and APC/C) in S. pombe cells. 
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Chapter 2 
Materials and Methods 
2.1. Supplier information 
Chemicals used in this work were purchased from: BDH, Boehringer Mannheim, 
Fisher, Gibco BRL, Melford and Sigma, unless stated otherwise. 
Enzymes, such as restriction enzymes, polymerases and other enzymes were purchased 
form Boehringer Mannheim, New England Biolabs, Promega, Qiagen, Stratagene. 
Growth media reagents were supplied by Biogene, Difco, Oxoid and Sigma. 
2.2. General information 
2.2.1. Sterilisation 
Solutions and growth media were sterilised by autoclaving at 120°C and 15 
pounds/inch2 for 15 minutes. Alternatively, sterilisation by filtration was used using 0.45 
pm filters supplied by Gelman Sciences (small volumes) or Nalgene (250 and 500 ml 
filter units for large volumes). All glassware was sterilised by baking at 250°C for 16 
hours. 
2.2.2. Buffers and solutions 
lOx TBE: 
445 mM Tris (54 g/l) 
445 mM Boric acid (27.5 g/l) 
100 m EDTA pH 8.0 (20 ml of 0.5 M.stockIl) 
UJI 
Protein transfer buffer: 
25 mM Tris (3.03 gIl) 
192 mM Glycine (14.4 Wi) 
20% Methanol (200 mI/l) 
5x Protein Gel Running Buffer: 
250 mM Tris (30 gIl) 
1.92 M Glycine (144 gIl) 
0.5% (w/v) SDS (50 ml of 10% stock/I) 
lOx PBS: 
137 mM NaCl (8 Wi) 
2.7 mM KC1 (0.2 gIl) 
10.1 mM Na2PO4 (1.44 g/l) 
1.76 mm KH2PO4 (0.24 g/l) 
PBST: 
lx PBS 
0.02% Tween 20 
lOx TE (pH 8.0): 
100 mM Tris-HC1 
10 mM EDTA 
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23. Microbiological methods 
2.3.1. Bacterial strains 
XL1-Blue electrocompetent or chemically competent cells (Stratagene) were used for 
cloning experiments. Alternatively DH5a chemically competent cells were used for 
cloning and for propagation of plasmids. 
XL1-Blue (Stratagene): F'::TnlO proAB lad' A(lacZ)M151recA1 end Al gyrA96 
(Na1T) thi hsdRl7 (rkmk) gin V44 re/Al lac 
DH5a: F, 980diac74M15, zJ(IacZYA-argF)U169, deoR, recAl, endAl, hsdRl7(ri, 
mk), phoA, supE44, 1, thi-1, gyrA96, re/Al 
2.3.2. Bacterial methods 
2.3.2.1. Bacterial media 
LB: 
1% (w/v) Bacto-tryptone 
0.5% (w/v) Bacto-yeast extract 
0.5% (wlv) NaCl 
pH adjusted to 7.2 with NaOH 
SOC: 
2% (w/v) Bacto-tryptone 
0.5% (w/v) Bacto-yeast extract 
20 mM Glucose 
10 mM NaCl 
10 mm MgC12 
10 MM  MgSO4 
2.5 mM KC1 
For solid media 2% (w/v) agar was added prior to autoclaving. 
2.3.2.2. Antibiotics 
Antibiotics added to bacterial growth media for selection were as follows: 
Ampicillin (Amp) - stock 1000x in water, final concentration: 100 j.xg/ml 
Kanamycin (Kan) - stock 250x in water, final concentration: 40 j.tg/ml 
2.3.23. Bacterial growth conditions 
Bacteria were typically grown on solid LB medium or in liquid LB at 37°C with 
aeriation. Appropriate antibiotics were used for plasmid selection (see 2.3.2.2.). 
2.3.2.4. Storage of bacteria 
For short periods of time, bacterial strains were kept on solid medium at 4°C. Frozen 
stocks of bacteria were typically prepared by addition of 70 p.1 of DMSO to 1 ml of an 
overnight culture and freezing at -80°C. 
2.3.2.5. Transformation of E.coli strains 
For transformation of XL1-Blue chemically or electro-competent cells the Strategene 
protocol was followed. 
DH5a cells (typically 200W aliquots) were thawn on ice prior to the addition of 0.5-2 p.1 
of DNA. Next cells with the DNA were incubated on ice for 30 minutes followed by a 
45 seconds heat-shock at 42°C. Next, cells were incubated on ice for 2 minutes and 0.5 
ml of pre-warmed LB was added. Cells were incubated with LB for 1-2 hours at 37°C 
and next 250 p.! of the cells were plated on LB medium supplemented with an 
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appropriate antibiotic. Plates were incubated at 37°C overnight or alternatively at 30°C 
for 2 days. 
2.3.3. Schizosaccharomyces pombe strains 
Table 2.1. Schizosaccharomyces pombe strains used in this study. 
strain name genotype origin 
KP276 (wt) h+ ade6-210 ieul-32 ura4-D18 his3-D1 arg3-D1 Hardwick 
MS01 Sip) -Myc::G418 this study 
MS08 h+ sipl-GFP::his3+ ade6-210 leul-32 ura4-D18 arg3-D1 pREP3x- 
Mad2  
this study 
MS295 slpl-GFP::his3+ nda3KM3l1 ade6-210 ieul-32 ura4-D18 arg3-D1 this study 
MS240 sip) -GFP::his3 + ade6-210 leul-32 ura4-D18 arg3-D1 this study 
MS15 sipl-GFP::his3+ 	ndc80-CFP::G418 ade6-210 	leul-32 	ura4-D18 
arg3-D1 pREP3x-Mad2 ieu+  
this study 
MS18 slpl-GFP::his3+ 	cdcll-CFP::G418 ade6-210 	leuI-32 	ura4-D18 
arg3-D1 pREP3x-Mad2 ieu+  
this study 
MS31 h+ cut9-GFP::his3+ ade6-210 ieul-32 ura4-D18 arg3-D1 this study 
MS35 h+ cut9-GFP::his3+ ade6-210 ieul-32 ura4-D18 arg3-D1 pREP3x- 
Mad2  
this study 
YLM212 cut9-GFP::his3+ ade6-210 leul-32 ura4-D18 arg3-D1 Milne 
MS40 lid]-GFP::his3+ ade6-210 leul-32 ura4-D18 arg3-D1 this study 
MS45 lidl-GFP::his3+ ade6-210 ieul-32 ura4-D18 arg3-D1 pREP3x-Mad2 this study 
MS46 lid]-GFP::his3+ nda3KM311 ade6-210 leuI-32 ura4-D18 arg3-D1 this study 
MS50 cut9-TAP::G418 ade6-210 ieul-32 ura4-D18 his3-D1 arg3-D1 this study 
MS52 sip) -TAP::G418 ade6-210 ieul-32 ura4-D18 his3-D1 arg3-D1 this study 
MS57 h+ sipl-HA::G418 ade6-210 leul-32 ura4-D18 his3-D1 arg3-D1 this study 
MS64 h+ sipl-HA::G418 nda3KM3l1 ade6-210 leul-32 ura4-D18 his3-D1 
arg3-D1  
this study 
MS 199 h+ sipl-HA::G418 ade6-210 leul-32 ura4-D18 his3-D1 arg3-D1 
pREP1-N70KO leu+  
this study 
YJB43 h+ mad3-GFP::his3+ ade6-210 leuI-32 ura4-D18 J. Blyth 
MS234 h+ mad3-GFP::his3+ ade6-210 leul-32 ura4-D18 pREP-N7OKO leu+ this study 
YJB 181 mad3-ken2OAAA-GFP::his3+ ade6-210 ieul-32 ura4-D18 pREP3x- 
Mad2 leu+  
J. Blyth 
YJB 183 ,nad3-ken27lAAA-GFP::his3+ ade6-210 ieul-32 ura4-D18 pREP3x- 
Mad2 ieu+  
J. Blyth 
YJB203 ma0-GFP::his3+ ade6-210 ieul-32 ura4-D18 pREP3x-Mad2 ieui- J. Blyth 
MS 106 Amad3::ura4+ ade6-210 leul-32 his3-D) arg3-D1 pREP3x-Mad2 
leu+ 
this study 
MS 107 Amad3::ura4+ ade6-210 leul-32 his3-D1 arg3-D1 pREP4Jx-Mphl 
ieu+  
this study 
YJB 177 mad3-GFP::his3+ ade6-210 ieul-32 ura4-D]8pREP41x-Mphl leu+ J. Blyth 
YJB179 ,nad3-ken20AAA-GFP::his3+ ade6-210 Ieul-32 ura4-D18 pREP4Jx- 
Mph) leu+  
J. Blyth 
YJB205 mad3-ken27lAAA-GFP::his3+ ade6-210 ieul-32 ura4-D18 pREP41x- J. Blyth 
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Mph] leu+ 
YJB 158 h+ sipl-HA::G418 mad3-GFP::his3+ ade6-210 ieu]-32 ura4-D18 J. Blyth 
arg3-D1  
YJB 124 h+ sipl-HA::G418 ,nad3-ken20AAA-GFP::his3+ ade6-210 leuI-32 J. Blyth 
ura4-D18 arg3-D1  
YJB155 h+ sip] -HA::G418 mad3-ken271AAA-GFP::his3+ ade6-210 ieu]-32 J. Blyth 
ura4-D18 arg3-D1  
MS207 h+ sip] -HA::G418 mad3-ken20AAA-GFP::his3+ ade6-210 leul-32 this study 
ura4-D18 arg3-D]pREP-N70KO leu+  
MS208 h+ slpl-HA::G418 mad3-ken27lAAA-GFP::his3+ ade6-210 ieu]-32 this study 
ura4-D18 arg3-D]pREP-N70KO leu+  
MS209 h+ slpl-HA::G418 mad3-GFP::his3+ ade6-210 leu]-32 ura4-D18 this study 
arg3-D1 pREP-N70KO leu+ 
MS 126 h- sipl-HA::G418 Amphl::NAT ade6-210 leul-32 ura4-D18 his3-D1 this study 
arg3-D1  
M5128 sip] -HA::G4]8 Abub]::ura4+ Amph]::NAT ade6-210 ieu]-32 his3- this study 
D] arg3-D1  
MS 130 sIp] -HA::G4184bub1 ::ura4+ ade6-210 ieul-32 his3-D] arg3-D1 this study 
MS291 sip]-HA::G418 mad3-GFP::his3+ Amph]::NAT ade6-210 leul-32 this study 
ura4-D]8 arg3-D] leu+ _pREPI-N70-KO I 
MS292 slp]-HA::G4]8 mad3-GFP::his3+ Abubl::ura4+ ade6-210 ieul-32 this study 
arg3-D] pREP]-N70-KO ieu+  
MS293 sip]-HA::G4]8 rnad3-GFP::his3+ Abub3::ura4+ ade6-210 leu]-32 this study 
arg3-D1 pREP] -N70-KO ieu+ 
MS28 1 sip] -HA::G4]8 mad3-GFP::his3+ ade6-210 leul -32 ura4-D18 arg3- this study 
Dl pREP1-N70-KO leu+ 
M5282 sip]-HA::G418 4mad3::ura4+ ade6-210 ieu]-32 his3-D] arg3-Dl J. Blyth 
pREP]-N70-KO leu+ 
M5283 sipl-HA::G418 mad3-GFP::his3+ Arnad2::ura4+ ade6-210 leu]-32 Blyth 
arg3-Dl pREP1-N70-KO ieu+ 
M5299 sipl-HA::G418 mad3-GFP::his3+ Amadl::ura4+ ade6-210 ieu]-32 this study 
arg3-D] pREPI-N70-KO leu+ 
MS 168 lid]-TAP::G418 ade6-M210 leu]-32 Gould 
MS 125 lid]-TAP::G418 nda3KM3)1 ade6-2]O ieu]-32 ura4-D]8 his3-D] K. Gould 
arg3-Dl  
MS203 lid]-TAP::G4]8 mad3-ken271-GFP::his3+ ade6-210 leul-32 ura4- this study 
D18 arg3-D1 pREPJ-N70-KO ieu+ 
MS201 h+ lid]-TAP::G4]8 mad3-ken201271-GFP::his3+ ade6-210 ieul-32 this study 
ura4-D18 arg3-D] pREP]-N70-KO leu+ 
MS 196 h- lid]-TAP::G4]8 mad3-GFP::his3+ ade6-210 ieul-32 ura4-D]8 this study 
arg3-D1 pREPI-N70-KO leu+  
MS202 lid]-TAP::G418 mad3-ken2]-GFP::his3+ ade6-210 ieul-32 ura4-D]8 this study 
arg3-D] pREPJ-N70-KO leu+ 
M5164 h- lid]-TAP::G418 mad3-GFP::his3+ ade6-210 leu]-32 ura4-D]8 this study 
arg3-D] pREP4)x-Mphl leu+ 
MS 176 h+ nus3-1 ade6-210 ieu]-32 ura4-D]8 his3-Dl C. Gordon 
MS 182 lid]-TAP::G4]8 rnad3-ken20-GFP::his3+ nus3-1 ade6-210 ieu] -32 this study 
ura4-D]8 arg3-D1  
MS 186 lid]-TAP.-:G4]8 mad3-GFP::his3+ rnts3-1 ade6-210 leul-32 ura4- this study 
D18 arg3-D]  
MS 187 lid) -TAP::G4]8 mad3-ken27l-GFP::his3+ mts3-1 ade6-210 leu] -32 this study 
ura4-D]8 arg3-Dl 
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MS217 lid]-TAP::G418 mad3-GFP::his3+ sipl-mr63 ade6-210 leul-32 ura4- this study 
D18 arg3-D1  
MS222 h- lid]-TAP.-:G418 mad3-GFP::his3+ Abuh3::ura4+ ade6-210 leul- this study 
32 arg3-D1 pREPJ-N70-KO ieu+  
MS221 h- lid]-TAP::G418 mad3-GFP::his3+ 4mad2::ura4+ ade6-210 leul- this study 
32 arg3-D1 pREP] -N70-KO ieu+  
MS272 h+ lid]-TAP::G418 mad3-GFP::his3+ Amphl::NAT ade6-210 leul- this study 
32 ura4-D18 arg3-D1 pREP1-N70-KO leu+  
MS271 lid]-TAP.-:G4]8 mad3-GFP::his3i- Abubl::ura4+ ade6-210 ieul-32 this study 
arg3-D1 pREP] -N70-KO leu+  
MS263 lid]-TAP::G418 mad3-GFP::his3+ nda3-KM311 ade6-210 ieul-32 this study 
ura4-D18 arg3-D1  
MS266 lid]-TAP::G418 mad3-GFP::his3+ cut] 7ts ade6-210 leul -32 ura4- this study 
D18 arg3-D1  
MS242 h- sip] -362 ura4-D18 ade6-210 leul-32 K.Gould 
MS243 h+ sipl-362 ura4-D18 ade6-210 ieul-32 K.Gould 
MS254 lid]-TAP::G418 mad3-GFP::his3+ sipl-362 ade6-210 leul-32 ura4- this study 
D18 arg3-D1  
MS225 h- cdcl0-129 P. Fantes 
MS235 cdclO-129 mad3-GFP::his3+ ade6-210 ieul-32 ura4-D18 arg3-D1 this study 
MS257 cdclO-129 	mad3-ken20-GFP::his3+ 	ade6-210 	leul-32 	ura4-D]8 this study 
arg3-D1  
MS258 cdcl0-129 ,nad3-ken271-GFP::his3+ ade6-210 leul-32 ura4-D18 this study 
arg3-D1 I 
2.3.4. Yeast methods 
2.3.4.1. Yeast media 
For all solid media 2% wlv agar was added prior to autoclaving 
YES (Yeast Extract Supplemented): 
0.5% (w/v) Yeast Extract 
3% (wlv) Glucose 
lx Supplement (section 2.3.4.2.) + lx Uracil 
PMG (Pombe Minimal Growth) 
3 gIl Phtalic acid 
2.2 g/l Na2HPO4 
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3.75 g/l L-glutamic acid 
20 g/l D-glucose 
lx vitamins (see 2.3.4.2.) 
lx minerals (see 2.3.4.2.) 
lx salts (see 2.3.4.2.) 
PMG+5S 
Pombe Minimal Growth media supplemented with adenine, arginine, histidine and 




lmlJl 1000x vitamins - added after autoclaving 
lx supplement + lx uracil - added after autoclaving 
2% (wlv) Agar 
23.4.2. Supplements and drugs: 
Yeast media were supplemented with the following supplement: 
50x supplement: 4 g/l Adenine, 4 g/l Arginine, 4 g/l Leucine, 4 g/l Lysine, 4 g/l 
Histidine 
20x uracil: 1.6 g/l Uracil 
All supplements (Sigma) were dissolved in sterile double distilled water and filtered 
through a 0.45 pm filter. 




10000x minerals: 80.9 mM Boric acid, 23.7 mM MnSO4, 13.9 MM  ZnSO4 x 7 H20, 7.4 
mM FeC13 x 6 H20, 2.47 mM Molybdic acid, 6.02 mM KI, 1.6 mM CuSO4 x 5 H20, 
47.6 mM Citric acid 
1000x vitamin stock: 4.20 mM Pantothenic acid, 81.2 mM Nicotinic acid, 55.5 mM 
Inositol, 40.8 mM Biotin 
lOOx thiamine stock: 4 mg/ml Thiamine in sterile distilled water 
G418 sulphate (Calbiochem) was used for marker selection in solid media. G418 powder 
was first dissolved in imi of sterile, double distilled water and added to pre-cooled 
melted agar-YES to result in a final concentration of 150 j.tg/ml of the drug. 
Benomyl stock was prepared at 30 mg/ml in DMSO and stored at -20°C. Benomyl 
solution was added to boiling agar media to concentrations of: 8, 10 and 12 p.g/ml. 
Plates containing drugs were kept at 4°C and protected from light. 
2.3.4.3. Storage of yeast strains 
For short periods of time strains were stored on solid media at room temperature 
with the exception of temperature- and cold-sensitive strains which were stored at their 
permissive temperature of 25°C and 30 - 32°C respectively. 
Frozen yeast stocks were prepared by collecting yeast from solid media into a 
cryo-tube with appropriate media (YES or PMG+5S+thiamine, for strains with pREP 
plasmid) supplemented with 20% v/v glycerol. 
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2.3.4.4. Schizosaccharomyces pombe growth conditions 
For standard experiments wild-type, as well - as cold-sensitive strains were 
typically grown in YES at 30°C. Cold sensitive strains were then shifted to restrictive 
temperature of 18°C. Temperature-sensitive mutants were grown at permissive 
temperature of 25°C and at restrictive temperature of 36°C. Strains for experiments 
requiring protein expression from a plasmid were grown as described in 2.3.4.5.3. 
2.3.4.5. Yeast cell cycle arrests 
2.3.43.1. Arrests by temperature-shift 
In order to inactivate temperature-sensitive proteins strains were first cultured in 
YES at 25°C overnight. For mts3-1 arrest cultures of an 0D600 of 0.16-0.2 were used and 
for cut] 7, cdcl0-129 and sip] -362 mutants cultures of an 0D600 of 0.2-0.4 were shifted 
to restrictive temperature of 36°C for 3 hours. Typically 200 ml cultures were used in 
these experiments. 
2.3.4.5.2. Arrests by cold-shift 
Cold-sensitive nda3-KM3]] mutants were arrested by growing cultures in YES at 30°C 
overnight to an OD600 of 0.4-0.6 and shifted to 18°C for 6-8 hours. 
2.3.4.5.3. Arrests by protein overexpression from the nmt promoter 
pREP vector was used to overexpress Mad2, Mphl proteins and N70-K0 
peptides in order to induce mitotic arrest in S. pombe cells. Plasmids were introduced 
into cells by electroporation (see section 2.3.4.6.1.). A 25 ml preculture in PMGi-55 
(Pombe Minimal Growth media + adenine, arginine, lysine, histidine, uracil) 
supplemented with lx thiamine was grown typically for 24 hours at 25°C (to allow slow 
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growth) to an OD600  of 1.2-1.4. Next 2m1 of culture were collected into eppendorf tubes 
and washed 2-3 times with PMG+5S to wash out the thiamine. The washed cells were 
used to inoculate typically 125m1 fresh PMG+5S and cultures were arrested at 30°C 
overnight. The arrest times were as follows: for pREP3x-Mad2 and pREP41x-Mphl 16-
18 hours; for pREP1-N70K0: 15-16 hours. 
2.3.4.6. S. pombe transformations 
2.3.4.6.1. Electroporation 
Electroporation was used for introducing plasmids into yeast cells. Yeast strains 
were grown in liquid YES (typically an 50 ml culture) overnight up to an OD600 of 0.4-
0.6 (approximately 1 x 107 cells/ml). Yeast cells were centrifuged at 2500rpm for 3 
minutes, the pellets washed with 1 ml of ice-cold sterile, double distilled water, and 
transferred into a 1 .5m1 eppendorf tube. The tubes were centrifuged at 6000-8000 rpm 
for 15 seconds and washed with lml of ice-cold, sterile 1M sorbitol. Next, cells were 
resuspended in 1M ice - cold sorbitol to a concentration of approximately 1-5 x 109 
cells/nil and 40 p.1 of the cells were taken into a fresh, pre-chilled tube. 0.5-2 p1 of 
plasmid DNA were added to cells on ice and incubated for 2 minutes on ice. Next the 
mixture was transferred into a pre-chilled 0.2 cm electroporation cuvette and 
electroporated using BioRad Gene Pulser II at 200 92, 25 mF and 1.5 W. 250 p1 of 1M 
sorbitol was added immediately after the shock. The total volume was plated out onto 
appropriate media (typically PMG+5S) and incubated at 32°C for 3 days. 
2.3.4.6.2. Lithium acetate transformation 
Lithium acetate transformation was used to introduce linear DNA fragments into 
yeast. 50 ml yeast cultures were grown in YES to an OD 600 of around 0.5 (107  cells/mi). 
Cultures were centrifuged at 2500 rpm for 3 minutes, washed twice with 4 ml of sterile 
double distilled water and split into 2-3 eppendorf tubes (for different transformations). 
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Each pellet was washed once with 1 ml of Lithium Acetate Mix (100 mM lithium 
acetate, lx TE). Cells were resuspended in 100 0 of Lithium Acetate Mix and 10-15 p.1 
of linear DNA in TE was added. Additionally 2 p.1 of salmon sperm DNA was added. 
The mix was incubated at room temperature for 10 minutes. Next 260 p.! of PEG mix 
(40% w/v Polyethylene Glycol M.W. 2000, 100 mM lithium acetate, lx TE) was added 
and mixed gently. The mixture was incubated at 30°C for 30-60 minutes and next heat-
shocked for 5 minutes at 42°C. Cells were spun in a microcentrifuge (< 8000 rpm), 
washed once with sterile distilled water, resuspended in 0.5 ml water prior to plating 250 
p.1 onto 2 YES or selective plates. Plates were then incubated at 30°C. 
2.3.5. Crossing strains 
Mating of S. pombe strains was performed by mixing two strains of the opposite 
mating type in a drop of water on a SPA plate (see 2.3.4.1.). Strains were typically 
incubated on the SPA plate at room temperature for 24-48 hours, until tetrads could be 
easily visible under the microscope. A small amount of cells was then digested with a 
filter-sterilised 2 % water solution of 3-g1ucoronidase (MP-Biomedicals) for 24 hours at 
37°C. Following the digest, the spores were washed once and resuspended in 1 ml of 
sterile double distilled water and 1-2 0 were plated out on YES, or selective media. 
2.4. Cell biology methods 
2.4.1. Live cell microscopy 
In order to visualise GFP-tagged proteins in live cells, 25 ml cultures in YES 
were typically grown at 30°C. Alternatively growth conditions were as described earlier 
if cells were arrested in mitosis (see section 2.3.4.5.). imi of culture was centrifuged at 
low speed and the pellet resuspended in 20-30 0 of supernatant. Roughly 2 p.1 of cells 
were loaded onto Superfrost slides (BDH), covered with a cover slip and visualised with 
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Zeiss Axioscope II with an automated CCD camera and filter set. Images were taken 
using SlideBook 4.1 software. 
For screening strains carrying Mad3-GFP, which gives relatively bright signals, 
colonies were typically taken directly from a plate, resuspended in a drop of water on a 
slide and visualised. 
Intelligent Imaging Innovations Marianas microscope (Zeiss Axiovert 200M, using a 
lOOx 1 .3NA objective lens), CoolSnap CCD and Slidebook software (3i, Boulder) was 
used. 
For bright field microscopy cells were prepared as above and visualised using Zeiss 
Axioscope HBO100. 
2.4.2. Fixed cell microscopy 
2.4.2.1. Solutions used for fixed-cell microscopy 
PEM: 100 mM PIPES, pH 7.6, 1 MM  MgSO4, 1 mM EGTA 
PEMS: 100 mM PIPES, pH 7.6, 1 MM  MgSO4, 1 mM EGTA, 1 M sorbitol 
PEMBAL: 100 mM PIPES, pH 7.6, 1 MM  MgSO4, 1 mM EGTA, 10 mg/mi BSA, 
0.02% w/v sodium azide, 1% w/v lysine hydrochloride 
Milk (for immunofluorescence): 5% Marvel dried skimmed milk, lx PBS, 0.02% v/v 
Tween 20. Milk was distributed into 1.5 ml eppendorf tubes and centrifuged at 4°C for 
20 minutes to pellet insoluble debris. Next, the supernatant was filtered through a 0.45 
pm filter and stored at 4°C. 
Mounting medium: VectaShield mounting medium with DAPI (Vector) 
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2.4.2.2. Para-formaldehyde fixation of S. pombe cells 
37% wlv para-formaldehyde (PFA) solution was prepared by dissolving an 
appropriate amount of PFA in PEM, in a 50 ml falcon tube at 65°C. 0.5 ml 10 M NaOH 
was added to 20 ml PFA in order to facilitate dissolving. The solution was cooled and 
added to cultures to a final concentration of 3.7% (typically 50 ml cultures were fixed). 
Cultures were then incubated for exactly 30 minutes at 18°C. Fixed cells were spun 
down at 2500 rpm for 3 minutes, washed 3 times with 1 ml of PEMS (per 50 ml culture) 
using a microcentrifuge at 8000 rcf. Pellets were resuspended in 750 j.tl of PEMS (at this 
stage samples were often left at 4°C before further processing). Cells were pelleted and 
digested with 1 mg/ml zymolyase-100T (MP Biomedicals) in PEMS at 37°C for 90 
minutes. Digested cells were washed once with PEMS and once with 0.5 ml PEMS + 
1% Triton X-100 for 5 minutes with rotation. Next, the cells were washed 3 times with 1 
ml PEM and incubated with rotation with 1 ml PEMBAL for 30 minutes to block non-
specific binding. Cells were spun down and resuspended in 0.5 ml of milk (recipe 
above). Next, the antibodies were added at the following concentrations: rabbit anti-GFP 
(Molecular Probes; 1:1000), mouse anti-TAT1 (K. Gull; 1:50) and cells were incubated 
overnight with rotation at 4°C. The following day cells were washed with 2 x 1 ml PEM, 
resuspended in 1 ml of milk with secondary antibodies: anti-rabbit (for GFP) - green 
(Alexa 488 rim), anti-mouse (for TAT1) - red (Alexa 594 nm) at concentration 1:2000. 
Samples were incubated for 1-2 hours at room temperature with rotation. Following 
incubation, cells were washed with 1 ml PEM and resuspended in 100 j.tl of PEM. 
Roughly 4 p.1 were loaded onto a polylysine slide, and topped with a drop of mounting 
media, prior to visualising. 
2.4.2.3. Methanol fixation 
Cells arrested in mitosis for immunoprecipitation experiments were checked by 
methanol fixation followed by immunostaining of tubulin. 25 ml of methanol were 
aliquoted into 50 ml falcon tubes and pre-chilled at - 80°C. 10-20 ml of yeast culture 
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was filtered through Durapore membrane 0.45 i.m filters (Millipore). The filters were 
immersed in the cold methanol and kept on ice briefly prior to centrifugation for 30-60 
seconds at 3000 rpm. Alternatively filters with cells were kept in methanol at -80°C for 
up to 2 days before processing. After centrifugation, methanol supernatant was discarded 
and the pellets were transferred into 1.5 ml eppendorf tubes on ice. These were spun 
down briefly to remove excess methanol and resuspended in 1 ml PEM. Care was taken 
not to allow sample warming up whilst in methanol. Tubes were spun in a 
microcentrifuge at 7000-10000 rpm for 15 seconds, inverted by 180° and spun once 
more. For bigger pellets this step was repeated. Supernatants were removed and pellets 
were resuspended in 1 ml of PEMS with the addition of 0.4 mg/ml zymolyase-100T (MP 
Biomedicals) and incubated at 37°C for 30 minutes. The digested cells were washed 
once with 1 ml PEMS, inverted by 180°, spun again, washed once with 1 ml PEMS with 
1% Triton X-100 and incubated roughly for 30 seconds followed by another wash with 1 
ml PEM. Cells were next incubated with 200 j.tl of milk for 1 hour at room temperature, 
to block non-specific binding. Following blocking, cells were centrifuged and 
resuspended in 50 il of milk with the addition of 1 p1 of TAT1 (anti-tubulin) antibody 
(K. Gull). Incubation was carried out overnight (16-18 hours) at 4°C with rotation or for 
3-4 hours with rotation at room temperature. Next, cells were washed with 1 ml of PEM, 
with inversion, and resuspended with 100 p.1 of milk with the addition of 1 p.1 of anti-
mouse (Alexa 594 nm) antibody. Cells were incubated with secondary antibody for and 
hour at room temperature with rotation. Before loading onto polylysine slides, the milk 
was removed and pellets resuspended in 20-50 p.1 of PEM. Roughly 3 p.1 of cells were 
loaded onto polylysine slides with a drop of mounting media. 
2.5. DNA methods 
2.5.1. Plasmids 
Table 2.2. Plasmids used in this study 
Name Description Source 
pGEM-T easy convenient systems for PCR product cloning Promega 
pDM084 GFP cloned as a EcoRl/BamHI fragment into Dave Miliband 
pBluescript with his3+ marker at the BamHI 
site  
pREP3x-mad2+ pUC-based expression plasmid, LEU2 marked, Shelly Sazer (He 
full strength nmt promoter, with full length et al., 1997) 
mad2  
pREP41x-mphl+ pUC-based expression plasmid, LEU2 marked, Shelly Sazer 
medium strength nmt promoter, with full length 
mph]  
pREP1-N70-K0 pUC-based expression plasmid, LEU2 marked, Hiro Yamano 
full strength nmt promoter, with N-terminus of (Yamano et al, 
cdc13 1998) 
pGEX-6P-1 GST gene fusion vector Pharmacia 
Biotech 
2.5.2. Genomic DNA extraction from S. pombe 
For genomic DNA extraction from S. pombe 5 ml overnight cultures were grown 
in YES and cells harvested by centrifugation at 3000 rpm for 3 minutes and transferred 
to a 1.5 ml screw-cap tube. Cells were resuspended in 200 p.1 of extraction buffer 
containing: 2.5 M LiCl, 50 mM Tris-HC1 (pH 8.0), 4 % Triton X-100, 62.5 mM 
Na2EDTA, and to this and equal volume of phenol/chloroform (1:1 w/v) was added. 100 
p1 of silica-zirconia beads (Biospec Products) were added and the mixture was bead-
beaten for 2 minutes at maximum speed (mini beadbeater, Biospec Products). The 
mixture was spun down at 14000 rpm for 5 minutes under the fume hood and the upper 
aqueous phase (roughly 160 p.1) was collected into a new 1.5 ml eppendorf tube 
containing 400 p.1100 % ethanol and 16 0 3M sodium acetate. Contents of the tube 
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were mixed and left at -20°C for minimum time of 5 minutes, and then centrifuged at 
maximum speed (14000 rpm) for 5 minutes and the supernatant was removed. The 
DNA pellet was washed once with 0.5 ml 70 % ethanol and air-dried prior to 
resuspending in 30-50 p.1 lx TE buffer. Prepared DNA was stored at -20°C. 
2.5.3. Plasmid DNA extraction from bacteria 
Plasmid DNA was prepared from bacteria using a Qiagen Mini-Prep Kit 
following manufacturer's protocol. DNA was extracted from 5 ml overnight bacterial 
culture in LB with appropriate antibiotic. Typically 50 p.! of EB (Tris pH 8.6) was used 
for final elution. Extracted plasmids were stored at -20°C. 
2.5.4. Agarose gel electrophoresis 
DNA was analysed using agarose gel electrophoresis with ethidium bromide 
staining. 0.8 - 1.5. % (w/v) gels were prepared using Sea-Kern agarose and lx TBE 
buffer by melting the agarose in the buffer in a glass flask in a microwave. 0.001% (vlv) 
ethidium bromide (Sigma) was added to pre-cooled agarose prior to pouring the gel. 
DNA samples were prepared by adding 5-10 p1 of loading dye (30 % w/v sucrose, 
bromophenol blue). Typically 5 p1 of PCR product were loaded or 0.5-1 p.1 plasmid or 
genomic DNA. Where fragments of DNA were to be purified, contents of the whole 
sample were subjected to electrophoresis and the band of interest was excised. Gels were 
run at a constant voltage of 90-120 V, depending on the gel size. 1 kb DNA ladder 
(Gibco BRL) was used as a size marker. Bands were visualised using UV 
transilluminator-based gel-doc system (Syngene). 
2.5.5. DNA extraction from agarose gels. 
For separating DNA fragments after a restriction digest, DNA was first separated 
on an agarose gel, visualised using UV transilluminator and selected bands were excised 
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with a scalpel and collected into an eppendorf tube. Next, the Qiagen Gel Extraction Kit 
was used and the manufacturer's protocol was followed. 
2.5.6. PCR 
2.5.6.1. Primers used in this study 
Table 2.3. Oligonucieotides used in PCR in this study 
Oligo name Sequence 5' to 3' 
S1pFOR GCGGGTACCTGTCTCTCCTGGAATCGTC 
S1pREV ATCGTCGACACGGATFGTTATGCTGCTGGAC 
Sip 1F363 CGG1TTFGA1TFAAACACGCGTGT 
Sip loutF GCGCTITGGCAGAAACCG 
lid ifor GCGGGTACCGACAGTAAFCTGT1GATG 
lid lrev ATCGTCGACAAAAGAGAATAAACGATATCTCG 




S lpFA6afor TTGGCGAGmATGATGGGGACCACG1TAAAAGGCCCATFCCAATTACCAAAAC 
CCCGTCCAGCAGCATAACAATCCGTCGGATCCCCGGGTFAATFAA 
















GFP 5'rev GTACATAACCTFCGGGCATGGC 
pTEF rev GGGCTAAATGTACGGGCG 
pUCIM1 3rev CGCCAGGG1TFCCCAGTCACGAC 
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2.5.6.2. Polymerase Chain Reaction 
For amplifying fragments of yeast genomic DNA, Polymerase Chain Reaction (Bahler et 
al., 1998b) was performed using MJ Research thermocycler (MiniCycler or PTC-200). 
PCR mix was prepared as follows: 
• 10-500 ng template DNA (yeast genomic or plasmid) 
• 0.5 pmoL4il each oligonucleotide primer 
• 0.2 mM dNTPs (dATP, dCTP, dGTP, dTTP) 
• lx PCR buffer - from lOx stock (100 mM Tris, pH 8.3; 500 mM KC1; 20 mM 
MgC12; 1 mg/ml gelatin) 
DNA polymerase* 
. sterile distilled water to desired volume (20-100 p.1) 
* For most applications Taq DNA purified in the lab was used. When high fidelity was 
essential, Taq (Roche), Expand Hi-Fi polymerase (Roche), KOD (Novagen) were used. 
PCR programmes varied depending on the size of the expected product (typically 
1 minute to synthesise 1 kb of product) and the annealing temperature of primers used 
(50-58°C). 72°C extension temperature was used unless recommended otherwise by 
enzyme manufacturer. Melting and annealing times were usually 30 seconds (15 seconds 
for KOD polymerase). 25-35 cycles were performed, depending on the expected yield of 
DNA. 
Template PCR programme: 
• initial denaturation: 94°C for 1 minute 
• denaturation: 94°C for 15 s - 1 minute 	1 
• annealing: 50°C-58°C for 15 s - 1 minute 	25-35 cycles 
• extention: 68°C-72°C for 30 s —2 minutes J 
• final extention: 72°C for 5 - 10 minutes 
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2.5.6.3. PCR on bacterial colony 
PCR was performed directly on bacterial colonies by picking a single E. coli 
colony into a 0.2 ml PCR tube and adding the PCR mix. The thermal cycling was 
performed as described in 2.5.6.2. but the initial denaturing step was extended to 5 
minutes at 94'C. 
2.5.6.4. PCR on S. pombe colony 
For PCR on S. pombe colony, 0.2 M NaOH solution was prepared fresh from a 
10 M stock. 10 .d aliquots of the solution were prepared in 1.5 ml eppendorf tubes and 
small-sized yeast colony was picked with a sterile toothpick, resuspended and boiled in a 
96°C block for 5 minutes. Samples were centrifuged to collect the condensation and 
pellets were resuspended to homogeneity. 1 j.il of this preparation was used for PCR. 
Typically 15 jti reactions were prepared as follows: 
• 1 tl cell extract 
• 1.5 .tl lOx PCR buffer (100 mM Tris, pH 8.3; 500 mM KC1; 20 MM M902; 1 
mg/ml gelatin) 
• 0.75 jtl dNTPs (2 mM each: dATP, dCTP, dGTP, d1TP) 
• 1.5 tl each 10 mM primer 
• 0.5 i1 Taq (lab stock) 
• 8.25 111 ddH20  
The following programme was used: 
94°C for 2 minutes 
94°C for 30 seconds 1 
55°C for 30 seconds 	30 cycles 
68°C for 1 minute J 
68°C for l0minutes 
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2.5.7. Purification of PCR products 
PCR products for cloning, transformations, restriction digests, sequencing and all 
other reactions were purified to remove excess oligonucleotide primers, nucleotides, 
polymerase, buffer and salts used in the amplification. This was done with the QlAquick 
PCR purification kit (Qiagen) or using the MinElute kit (Qiagen), according to 
manufacturer's protocol. Purified DNA was typically eluted in 30 W of the elution buffer 
supplied with the kit (Tris, pH 8.6) and stored at -20°C. 
2.5.8. Cloning 
2.5.8.1. Restriction digest 
Restriction digests were performed using NEB restriction enzymes at a 
concentration: 1 unit per 1 p.g DNA in a 50 p1 reaction for 60 minutes. Buffers supplied 
by the manufacturer were used and supplemented with 100 jtg/ml BSA for enzyme 
stability. Typically digests were carried out in a 37°C waterbath, unless recommended 
otherwise by the supplier. For sequential digests, a digest with one enzyme was 
performed first, next the reaction was purified using Qiagen Min Elute kit, following 
manufacturer's protocol, prior to second digest. The digested product was purified using 
the same kit at the end of the reaction or subjected to electrophoresis followed by band 
extraction. 
2.5.8.2. Ligation 
DNA ligations were performed in a total volume of 20 0 using T4 ligase (NEB) 
and lx T4 buffer supplied by the manufacturer. Typically 100 ng of vector DNA were 
used and approximately 3 times the amount of insert DNA (with respect to number of 
moles). Sterile, double distilled water was added to a total volume of 20 W. Reactions 
were carried out at room temperature for 2 hours or at 18°C overnight. 
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2.5.8.3. Cloning into pGEM-T easy 
An additional step of cloning DNA fragments into pGEM-T easy vector 
(Promega) was used to facilitate cloning into other vectors. This vector allows sticky-
end ligation; it is designed to have T-overhangs, which allow cloning of DNA with A-
overhangs. In order to prepare PCR products for cloning into pGEM-T easy, they were 
first subjected to "A-tailing" reaction, which resulted in a product with A-overhangs. 
A-tailing reaction: 
• 1-2 p.1 purified PCR product 
• 10 Taq buffer (Roche) 
• 1 p.1 M902 
• 1p.I2mMdATP 
• 1 p.1 Taq (Roche) 
• 4p.lddH2O 
The reaction was carried out in a thermocycler for 30 minutes at 70°C. 
The A-tailed product was ligated into pGEM-T easy following manufacturer's protocol, 
using T4 ligase supplied with the kit and introduced into DH5a strain by transformation 
(see section 2.3.1.) 
2.5.9. Sequencing 
DNA samples were typically sequenced using primers designed to anneal either 
upstream or downstream of the fragment of interest (see table 2.3.). The sequencing 
reaction was performed using Big Dye Terminator kit v.3.1 (Applied Biosystems) in a 
MJ Research thermocycler (MiniCycler or PTC-200). The sequencing reactions were 
prepared as follows: 
2 p.1 Big Dye Terminator kit v.3.1 
• 1.6 pmol primer 
• template DNA (roughly not more than 300 ng) 
• ddH20—upto5p.l 
The sequencing programme used was as follows: 
95°C—iminute 
95°C —30 seconds 
55°C-15 seconds 	25x 
60°C-4 minutes J 
4°C 
Samples were adjusted to 10 jii with ddH20 and analysed by the SBS 
Sequencing Service, Ashworth Laboratories, University of Edinburgh, on an ABI 3730 
DNA Analyser (Applied Biosystems). 
2.6. Protein methods 
2.6.1. Whole cell extract preparation 
Protein sample buffer: 
80 mM Tris-HC1, pH 6.8 
10 mM EDTA 
2 % (w/v) SDS 
20 % Glycerol 
Bromophenol blue 
For preparing crude protein extracts, 5 ml overnight cultures were grown at 30°C 
in YES (with the exception of temperature-sensitive strains, which were grown at 25°C). 
Cells were harvested by centrifugation at 3000 rpm for 2 minutes and transferred into 
1.5 ml screw-cap tubes. Cells were pelleted once more in a microcentrifuge, the 
supernatants were removed and pellets were resuspended in 150-250 j.tl of sample 
buffer, depending on the pellet size, supplemented with 100 mM D1'T and protease 
inhibitors ([PC and Pefabloc, Roche). Samples were kept on ice. Approximately 100 0 
zirconia-silika beads (Biospec Products) were added to each sample and samples were 
rybolysed for 20 seconds in a Fast Prep rybolyser (Thermo Electron Corporation) at 
speed 4.0. Extracts were next centrifuged at 14000 rpm for 1 minute at 4°C and boiled at 
96°C for 5 minutes before loading on a gel. When gels were not run on the same day, the 
cell pellets or the prepared extracts were stored at -80°C. 
2.6.2. SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
Table 2.4. Polyacrylamide gel recipe (amounts per one gel): 
10% 12.5% 15% stacking gel 
40 % acrylanlide* 3 ml 3.75 ml 4.5 ml 1 ml 
2 % bis acrylamide* 780 p.1 648 p.1 516 p.1 520 p.1 
1.5 M Tris, pH 8.8 3m1 3m1 3m1 - 
1MTris,pH6.8 - - - 1 m 
10 % (wlv) SDS 120 p.1 1200 120 p.1 - 
H20 tol2ml tol2nil tol2ml to8ml 
* Bio-rad 40% acrylamide solution and 2 % bis-acrylamide were used 
Polyacrylamide gels were poured between 2 glass plates using Anachem system. 
An agarose seal (1% agarose in H20) was prepared each time to prevent leakage. 
Resolving gels at concentration of 10, 12.5 and 15% were prepared following the recipes 
from table 2.4. and topped with a layer of isopropanol for setting. After the gel set, 
isopropanol was removed, the stacking gel (recipe table 2.4.) was poured and comb of 
18 or 25 wells was inserted. Polymerisation of the acrylamide was induced by the 
addition of 11100th  volume of 10 % ammonium persulfate and 111000th  volume of 
TEMIED. After polymerisation, the comb was gently removed and wells were rinsed 
with water. Gels were run Anachem electrophoresis apparatus filled with lx Running 
Buffer at 150-160 volts for 1.5 hours. Protein samples were boiled in sample buffer prior 
to loading on the gel. Typically 20-25 d of sample were loaded. Low and high 
molecular weight markers (Sigma) were loaded alongside the samples. 
2.6.3. Western blotting 
Gels for western blotting were prepared as described in section 2.6.1. Following 
electrophoresis, gels were transferred onto nitrocellulose (0.2 jim, Fisher or Anachem) 
using Hoefer semi-dry transfer unit. The nitrocellulose, as well as 3 MM Whatmann 
paper were soaked with transfer buffer (see section 2.2.2.) prior to the transfer. Transfer 
was carried out at 180 mA for 1 gel and at 250 mA for 2 gels, for 1.5 hours. After the 
transfer, the nitrocellulose containing the protein was stained using Poncaeu S solution 
(2.5 g Poncaeu S, 12.5 ml acetic acid and water up to 250 ml) and washed with PBST 
(PBS+0.02% Tween 20). Next the milk solution was prepared (5% Marvel dried 
skimmed milk in PBST) and the blot was blocked for 30 minutes at room temperature 
with gentle shaking. The blots were rinsed with PBST and incubated with antibody 
solutions in milk. The antibodies used in this study are listed in table 2.5. 
Table 2.5. Antibodies used in this study 
antibody animal concentration origin 
anti-GFP rabbit 1:1000 Molecular Probes 
mouse 1:2000 BD 
sheep 1:1000 Hardwick lab 
anti-HA (12ca5) mouse 1:500 Roche 
anti-Mad2 sheep 1:1000 Hardwick lab 
anti-Myc (A 14) rabbit 1:1000 Santa Cruz 
PAP (anti-TAP) rabbit 1:1000 Sigma 
Blots were incubated with the primary antibodies for 16-18 hours at 4°C with gentle 
shaking. Next the antibody solutions were typically collected into a falcon tube and 
stored at -20°C for re-use. Blots were first washed briefly with PBST and next washed 
with PBST for 20-30 minutes. Blots incubated with sheep antibodies were washed with 
high-salt PBST (PBST, 500 mM NaCl). After the washes, the blots were incubated with 
secondary antibodies in milk solution. HRP-conjugated secondary anti-rabbit and anti-
mouse antibodies (Invitrogen) were used at a 1:3000 concentration. Anti-sheep HRP-
conjugated secondary antibody (Oxford Biotechnology) was used at a final 
concentration of 1:20000. Blots were incubated with secondary antibodies for 1 hour 
with gentle shaking at room temperature. Following incubation, blots were washed with 
once briefly with PBST to wash away excess milk and once for 20-30 minutes at room 
temperature, with shaking. The washed blots were then subjected to ECL (section 
2.6.4.). 
2.6.4. Enhanced Chemiluminescence (ECL) 
Equal quantities of ECL reagents (Amersham) were mixed on a piece of Saran 
Wrap and the membranes were immersed in the mixture for 30-60 seconds at room 
temperature. Excess ECL solution was removed from the membrane by placing it on 
3MM paper. Care was taken not to allow blots to dry. The membranes were next placed 
on a glass plate, with the protein side exposed, and wrapped with Saran Wrap. The glass 
plate with the membranes was then placed in a cassette with a Kodak Bio-Max light film 
and exposed for 30 seconds - 30 minutes, depending on the intensity of the signal. The 
films were developed using Konica-Minolta SRX-101A developer. 
ECL reagents: 
. ECL reagent 1: 2.5 mM luminol, 0.4 mM p-coumaric acid, 100 mM Tris, pH 8.5 
. ECL reagent 2:0.019 % H202, 100 mM Tris, pH 8.5 
M. 
2.6.5. Coomassie staining 
To, visualise all proteins of high abundance, coomassie stain was used. 
Coomassie solution was prepared as follows: 0.16 % (w/v) coomassie blue stain, 4 
volumes of methanol, 4 volumes of acetic acid and 5 volumes of distilled water were 
incubated to dissolve for 1 hour at 50°C with agitation. Gels were immersed in 
coomassie for 5 - 20 minutes and next de-stained with destain solution (25 % (v/v) 
methanol, 7 % (vlv) acetic acid, distilled water) for at least 30 minutes. 
2.6.6. Co-Immunoprecipitions 
2.6.6.1. Extract preparation 
Lysis buffer (prepared fresh each time): 
100 mM Hepes, pH 7.6 
75 mM KCI 
1 MM MgCl2 
1mMEGTA 
0.1% Triton X-100 
1 mM Pefabloc SC (Roche) 
LPC (10 mg/mi leupeptin, pepstatin and chymostatin) (Roche) or 1 tablet of Complete 
mini EDTA-free protease inhibitor cocktail (Roche) 
For co—immunoprecipitation experiments, yeast cultures were arrested as 
described in section 2.3.4.5. Cycling cell controls were grown at 30°C in 50 ml of YES 
overnight. Typically cell pellets of 0.07-0.15 g were used. Frozen cell pellets were thawn 
and immediately placed on ice. 300 p.1 of ice cold lysis buffer was added to every 0.1 g 
of cells on ice. The same volume of each cell suspension was next transferred to a fresh, 
pre-chilled screw-cap tube, containing approximately 100 p.1 of zirconia-silika beads 
(Biospec Products). Samples were then bead-beated twice for 30-40 seconds in a mini 
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beadbeater (Biospec Products) and the extracts were centrifuged at half speed for 1 
minute at 4°C to pellet most of the cell debris. Next, the supernatants were transferred 
with a pre-chilled tip to a pre-chilled eppendorf tube and DY!' (Melford) was added to a 
final concentration of 1 mM before spinning samples at 14000 rpm for 3 minutes, at 
4°C. Supernatants were again transferred to a fresh tube and an additional spin was 
carried out. Typically 20 pJ of the whole cell extract were collected into a separate tube 
and stored at -80°C for further analysis. The remaining extracts were added to the 
antibody-coated beads and incubated at 4°C for 1.5-2 hours with rotation. 
2.6.6.2. Beads preparation 
10 0 of Protein A or Protein G magnetic dynabeads (Invitrogen) were used per 
sample, depending on the antibody to be used (Protein A for rabbit and mouse 
antibodies, Protein G for sheep). The beads suspension was aliquoted into a 1.5 ml 
screw-cap tube and washed with 1 ml of PBS! 0.1% Triton X-100. Next, 100 i.l of PBS/ 
0.1 % Triton X-100 was added and 1-2 pg of the appropriate antibody was added per 
each 10 d of beads. Beads were incubated with the antibody for 1-16 hours with rotation 
at 4°C. Following antibody incubation, the beads were resuspended in lysis buffer (see 
2.6.6.1) and aliquoted into fresh screw-cap tubes. The lysis buffer was removed prior to 
loading the extracts. 
When IgG-coupled dynabeads were used, 15 j.tl of beads suspension was used 
per sample. Beads were washed once with PBS/ Triton X-100 and once with lysis buffer 
before addition of the extracts. 
2.6.6.3. Washes and elution 
Following the incubation of protein extracts with the beads, samples were placed 
on a magnet and the supernatants were removed. Beads were washed twice with lysis 
buffer (see 2.6.6.1.) and twice with PBS! Triton X-100. Next 30 d of SDS sample 
buffer, containing 5 % B-mercaptoethanol were added to each sample, vortexed for a few 
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seconds and incubated for 15 minutes at room temperature with vortexing repeated 2-3 
times during the incubation. The samples were next placed on the magnet, the buffer 
containing eluted protein was collected to a fresh tube and boiled for 5 minutes prior to 
loading on a gel. Typically the whole amount of the eluted protein was loaded on a gel. 
2.6.7. Purification of GST-tagged proteins 
3 litres of E. coli (XL1-blue) harbouring pGEX-6P-1 plasmid with the gene of 
interest cloned downstream of the GST, were grown in LB media supplemented with 75 
p.g/ml ampicillin at 37°C up to an 0D600 of 0.8. Next, the protein expression was 
induced with 0.1 mM IPTG for 2-3 hours at 37°C. Cells were then collected by 
centrifugation at 5000 rpm for 15 minutes and frozen at -80°C. 
Frozen cell pellets were ground to fine powder in a mortar under liquid nitrogen 
(20 minutes grinding) and the cell powder was transferred into a cold beaker and 
allowed to thaw before addition of a buffer. Roughly 5 volumes of room-temperature 
PBS, containing 0.5 % Tween-20, 1 mM Pefabloc SC (Roche) and 1 M NaCl were 
added to the cells and mixed with a stir bar at 4°C for 5-10 minutes. The extracts were 
then sonicated on ice 2-3 times for 30 seconds at 20 % Amp (Jencons Scientific 
sonicator). D'FT was added to a final concentration of 10 mM and the lysates were spun 
for 60 minutes at 30000 rpm in a Beckman 45 Ti rotor. 
10 ml of glutathione agarose suspension was prepared per 100 ml of lysate by 
rehydrating lyophilised glutathione agarose (Sigma) in water, at room temperature for 30 
minutes. The suspension was then aliquoted into the clarified protein lysates and 
incubated with rotation at 4°C for an hour. The resin was next loaded onto a column and 
the unbound protein was washed away with 50-100 ml of PBS containing 0.05 % 
Tween-20, 0.5 mM DTT and 0.25 M KC1. The effluent was monitored by Bradford 
assay for presence of protein. After all protein had been washed out, the column was 
washed with 2 volumes of the wash buffer without Tween-20. 
The protein bound to the column was eluted with 50 mM Tris, pH 8.1 containing 
0.25 M KC1 and 5 mM reduced glutathione. 1 ml of elution buffer was loaded onto the 
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column at a time and allowed to go through the column by gravity flow. Samples were 
collected into 1.5 ml eppendorf tubes. The fractions were assayed by Bradford assay and 
approximately 10 samples of the elution were collected. 
The eluates were next pooled together and dialysed overnight at 4°C into 50 mM 
Hepes, pH 7.6, 100 mM KC1 and 30 % glycerol. 
Bradford assay: 
1:5 dilution of Bradtford reagent (Bio-Rad) was prepared in water and aliquoted 
into plastic spectrophotometer cuvettes. 1-10 p1 of protein sample was added and mixed 
by pipetting with a 1 ml pipette, and the absorbace at 595 nm was measured (Cecil CE 
2040). The measurements were compared with a standard BSA curve, prepared by 
measuring the 0D595 of a known concentration of BSA. 
2.6.8. Peptide competition assays 
2.6.8.1. Resin preparation 
Glutathione agarose was rehydrated in distilled water for 20 minutes and 20 p1 of 
the resin were used per sample. The resin was washed once with PBS/0. 1 % Triton X-
100, then resuspended in 200 p1 of the same buffer and 5-10 ig of purified GST-tagged 
protein (or GST only as a control) were added and incubated at 4°C with rotation for 1 
hour. Resin was washed once with PBS/0.1 % Triton X-100, resuspended in 200 p1 of 
the same buffer and 20 p.g of BSA was added to block non-specific binding. The 
blocking was performed at 4°C with rotation for 15 minutes. The resin was washed 
again with PBS/0.1 % Triton X-100, resuspended in lysis buffer (see 2.6.6.1.) and spun 
down prior to loading the extracts. 
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2.6.8.2. Extract preparation and binding assay: 
Fission yeast cultures were arrested in mitosis using nda3-KM311 mutation, as 
described in section 2.3.4.5.2. Cells were collected by centrifugation at 3000 rpm for 2 
minutes and transferred into a 1.5 ml screw-cap tube. 2 volumes of lysis buffer (see 
2.6.6.1.) were added to the cell pellets and extracts were prepared by bead beating, as 
described in 2.6.6.1. The clarified extracts were divided into four and loaded onto four 
resin with different fragments of GST-tagged protein immobilised on them (Mad3-GST, 
KEN20-GST, KEN271-GST, GST). Samples were incubated with rotation for 1-2 hours 
at 4°C. After incubation, beads were spun down in a microcenthfuge, washed twice with 
1 ml of ice-cold lysis buffer (see 2.6.6.1.) and twice with 1 ml PBS/ 0.1% Triton X-100. 
The supernatants were discarded and the protein bound to the resin was eluted with 30 p1 
protein sample buffer (see 2.6.1.) with 5 % -mercaptoethanol. Samples were incubated 
with the buffer for 15 minutes at room temperature, centrifuged and supernatant was 
collected for further analysis. 
2.6.9. Cyclohexamide experiments 
For measuring rates of protein turnover during mitosis and GI, 100 ml S. pombe 
cultures were arrested either using pN70-K0 plasmid, which when induced arrests cell in 
mitosis (Yamano et al., 1998) (see 2.3.4.5.3.), or by activating the cdclO-129 mutation, 
which arrests the cells in Gi (Ayes et al., 1985; Yamano et al., 2004a) (see 2.3.4.5.1.). A 
10 ml sample was collected, centrifuged and the pellet frozen on dry ice. Next, 
cyclohexamide was added to the remaining culture at 100 j.tg/ml concentration to in 
order to block new protein synthesis. 10 ml samples were collected at 5, 10 or 15 
minutes intervals, centrifuged and pellets stored at -80°C for further analysis. 1 ml of 
sample were collected at each timepoint and fixed briefly by the addition of methanol. 
These samples were next stained with DAPI to visualise the DNA and check the stage of 
the cell cycle of the cells. Protein extracts were prepared by ribolysing cells with 
zirconia-silica beads (Biospec Products) in sample buffer (80 mM Tris-HC1, pH 6.8, 100 
74 
mM DTF, 10 mM EDTA, 2 % (w/v) SDS, 20 % Glycerol, Bromophenol blue), 
supplemented with protease inhibitors (LPC and Pefabloc Sc (Roche)). Samples were 
resolved by SDS-PAGE and subjected to western-blotting with anti-GFP and anti-HA 
(Roche) antibodies. Band intensity was quantified using Imagequant software. 
2.7. Chromatin Immunoprecipitation (ChIP) 
2.7.1. Buffers used in ChIP 
PBS: 
13.7 mM NaCl (0.8 g/l) 
0.27 mM KC1 (0.02 g/l) 
1.01 mM Na2PO4 (0.144 g/l) 
0.176 MM  KH2PO4 (0.024 g/l) 
Lys is buffer: 
50 mM Hepes-KOH, pH 7.5 
140 mMNacl 
1 mM EDTA 
1 % (v/v) Triton X-100 
0.1 % (w/v) sodium deoxycholate 
Lys is buffer with 0.5 M NaCl: 
Lysis buffer with 500 mM NaCl instead of 140 mM 
Wash buffer: 
10 mM Tris-HC1, pH 8 
0.25 M Lid 
0.5 % (v/v) Nonidet P-40 
0.5 % (w/v) sodium deoxycholate 
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1 mM EDTA 
TE: 
10 mM Tris-HC1, pH 8 
1 mM EDTA 
TES: 
50 mM Tris-HC1, pH 8 
10 mM EDTA 
1%SDS 
PEMS: 
100 mM PIPES, pH 7 
1 MM MgCl2 
1mMEDTA 
1.2 M Sorbitol 
2.7.2. Cell preparation 
For ChIP experiments presented in this thesis, cells were arrested in mitosis 
using Mad2 overexpression, as described in section 2.3.4.5. For each CUP ideally 2.5 x 
108  cells were used (an equivalent of 50 ml culture of 5 x 106  cells/ml). Cultures were 
shifted to 18°C for 2 hours prior to fixing in order to facilitate chromatin association. 
30 % (w/v) paraformaldehyde was prepared in PMG. Paraformaldehyde was 
weighed out in the fume cupboard (with the fume hood off). 3 % (v/v) 10 M NaOH was 
added to facilitate dissolving of the formaldehyde. The mixture was dissolved by 
incubating at 65°C and cooled down before adding to the cells. 
1110th culture volume of formaldehyde was added and incubated at 18°C with 
swirling (80-100 rpm). Fixation was stopped by addition of 1120th  volume of 2.5 M 
Glycine. Cells were transferred into 50 ml falcon tubes (in the fume cupboard) and spun 
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for 2 minutes at 4°C in a bench top centrifuge. Supernatants were discarded and pellets 
were washed twice with 20 ml of ice-cold PBS. 
Fixed cells were next resuspended at 1 x 108  cells/ml in PEMS containing 0.4 
mg/ml zymolyase-100T (MP Biomedicals) (freshly prepared) and incubated at 37°C for 
20-30 minutes. Digested cells were washed twice with 10-20 ml PEMS, resuspended in 
1 ml PEMS per ChIP and transferred into a 1.5 ml tube. Cells were pelleted and kept at - 
20°C. 
2.7.3. Immunoprecipitation 
For immunoprecipitations of the ChIP samples protein A or protein G magnetic 
dynabeads (Invitrogen) were prepared by washing 3 times with PBS/0.1% Triton X-100. 
Next, the beads were resuspended in 100 p.1 of the same buffer and anti-GFP (Molecular 
Probes) or anti-HA (Roche) antibodies were added at a concentration of 2.5 p.g per 10 p.1 
of beads. 10 p.1 of beads were prepared for 1 ChIP reaction. Antibodies were incubated 
with the beads at 4°C with rotation for 1-16 hours. 
Cell pellets prepared as described in section 2.7.2. were resuspended in 300 p.1 
ice-cold Lysis Buffer containing protease inhibitor cocktail (Roche) (1 tablet per 10 ml 
buffer) and 1 mM Pefabloc SC (Roche). From this stage cells were kept on ice. 
Sonication was performed using a Bioruptor (Cosmo-Bio) at maximum setting 3 times 
on each sample for exactly 20 seconds, resting on ice in between sonication. The aim of 
the sonication was to shear the chromatin to fragments of an average 600 bp size. This 
was checked later by agarose gel electrophoresis. 
The sonicated extracts were next centrifuged at 14000 rpm for 5 minutes at 4°C 
and the supernatants were transferred into fresh cold eppendorf tube. Following another 
15 minute spin at 14000 rpm, 4°C, supernatants were transferred to a fresh screw cap 
tube and kept on ice. 
The antibody-coated beads were washed twice with 500 p.1 PBS/0. 1% Triton X-
100, once with lysis buffer and resuspended in 200 p.l of the lysis buffer per 10 p.1 beads. 
Beads for multiple samples were split into different tubes at this point. Tubes were next 
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placed on a magnet and the lysis buffer was removed from the beads prior to the 
addition of the extracts (this was done during the 15 minute spin). Care was taken not to 
let the antibody-coated beads dry. 
1110th volume of the extracts (30 p.1) were taken aside as a "crude" control and 
frozen at -20°C for further analysis. The remainder of the extracts (270 0) was added to 
the beads and incubated at 4 °C for 3-16 hours with rotation. 
Following the incubation, the beads were spun briefly in a centrifuge and placed 
on the magnet to remove the lysates containing all unbound protein. Each sample was 
then washed with 1 ml of each of the following buffers: 
• Lysis Buffer 
• Lysis Buffer with 0.5 M NaCl 
• Wash Buffer 
• TE,pH8 
For each sample beads were resuspended with pipette, then placed on a magnet 
until beads have gone out of solution. Samples were kept on ice at all times. 
Supernatants were discarded. 
250 p.1 of TES was added to the beads at room temperature in order to reverse the 
cross-links between the protein and DNA. Simultaneously 200 p.1 TES was added to the 
crude lysate samples stored at -20°C. Samples were vortexed briefly and incubated at 
65°C for 6-16 hours. 
Following incubation, beads were spun briefly and put on a magnet. Supernatants 
were removed to a fresh 1.5 ml tube and the beads were discarded. 450 p.1 of TE buffer 
and 30 0 of 10 mg/ml Proteinase K solution was added to each tube. Samples were 
incubated with Proteinase K at 37°C for 2 hours. 
2.7.4. Phenol-chloroform extraction. 
Phenol-chloroform extraction was performed under the fume hood. 600 p.1 of 
organic phase of phenol:chloroform:isoamyl alcohol (25:24:1) was added to each sample 
previously digested with Proteinase K. Samples were mixed by inverting several times 
and centrifuged at 14000 rpm for 6 minutes. Following the spin, the upper aqueous 
phase was collected into a fresh tube with 500 0 chloroform already aliqouted. Samples 
were mixed and centrifuged again at 14000 rpm for 6 minutes. The upper aqueous phase 
was collected into a fresh tube. 1110th  volume of 3 M sodium acetate was added together 
with 1.5 p.1 of glycogen and 2-3 volumes of 100 % ethanol. Samples were mixed by 
vortexing and DNA was precipitated at -20°C for 30-60 minutes. Alternatively, samples 
were left at -80°C at this stage. The mixtures were next centrifuged at 14000 rpm for 30 
minutes at 4°C. Supernatants were removed carefully and samples were air-dried under 
the fume hood. Each DNA pellet was resuspended in 30 p.1 of TE, pH 8 and analysed by 
PCR or stored at -20°C for further analysis. 
2.7.5. PCR on ChIP 
Multiplex PCR was performed on the ChIP and crude extract samples using 
primers designed to amplify the outer centromeric repeats (otr), inner centromeric repeat 
(cnt) of the fission yeast centromere I and an unspecific DNA fragment (fbp) (see table 
2.3.). The amounts of primers used were first optimised by performing PCR on crude 
extracts, aiming for same intensity of all three bands on an agarose gel. 2 and 4 p1 of 
ChiP DNA were used in a reaction. Crude samples were diluted 10-fold prior to PCR. 
Typical 20 p.1 PCR mix consisted of: 
• 2-4p.1DNA 
• 2p.11OxPCRbuffer 
• otr primers 
• cnt primers 
• fbp primers 
• dNTPs 
• MgCl2 
• Taq (Roche) 
•H20 
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The PCR programme used was as follows: 
94°C —4 minutes 
94°C —30 seconds 1 
55°C-30 seconds 	30x 
72°C—i min ute J 
72°C - 5 minutes 
The PCR products were analysed on a 1.5 % agarose gel ((w/v) in TBE). Whole 
amount of the PCR product was loaded on the gel. Gels were analysed using Kodak 
EDAS 290 UV transilluminator system and the intensity of bands was quantified using 
Kodak Precision software. The signal corresponding to the central core of the 
kinetochore was compared against the background, against the unspecific signal (fbp) 
and against the crude sample. 
Chapter 3 
Sipi and the APC/C in Schizosaccharomyces 
pombe - GFP tagging and cellular localisation 
Chapter 3 
Slpl and the APC/C in Schizosaccharomyces pombe - GFP 
tagging and cellular localisation 
3.1. Introduction 
The main function of the Anaphase Promoting ComplexlCyclosome (APCIC), is 
to allow the onset of anaphase (see section 1.5.). The APC/C is an E3 ubiquitin ligase 
which targets mitotic proteins (some of which act as anaphase inhibitors) for degradation 
by the 26S proteasome. These proteins are mitotic cyclins and a protein called securin 
(Cut2 in S. pombe), which inhibits separase; a protease responsible for cleaving the 
cohesin complex, which holds the replicated sister chromatids together (see section 1.4.). 
APC/C is therefore a machinery essential for cell cycle progression and mutations in its 
subunits result in a mitotic arrest and failure to enter into anaphase (Hirano et al., 1988; 
King et al., 1995; Samejima and Yanagida, 1994; Tugendreich et al., 1995; Yamashita et 
al., 1999; Yanagida et al., 1999). 
Activation of the APCIC requires the components of the ubiquitin-proteasome 
pathway, the El ubiquitin activating enzyme, E2 responsible for ubiquitin conjugation as 
well as additional activating cofactors: Cdc2O (Slpl in fission yeast) and Cdhl (Ste9 in 
fission yeast). While Cdc20/Slpl is the mitotic APCIC activator, Cdhl/Ste9 is thought to 
act from late anaphase throughout Gl stage of the cell cycle (Kim et al., 1998; Kitamura 
et al., 1998; Kramer et al., 1998; Visintin et al., 1997). 
In the lab we are trying to understand the mechanism of the spindle checkpoint. 
Although the modes of action of particular checkpoint components are very diverse, the 
final target remains the APC/C 20, therefore understanding the relationship between 
these two groups of proteins is very important. Immunofluorescence has greatly 
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deepened our current understanding of the spindle checkpoint. It allowed localising 
various checkpoint components in the cell, and identifying checkpoint protein 
complexes. Techniques such as live time-lapse imaging, FRAP, as well as simple 
live/fixed cell, are extremely useful to complement the biochemical experiments. We 
know from these studies, that the checkpoint components are recruited to the 
kinetochore upon checkpoint activation and that this association is very dynamic 
(Howell et al., 2004; Shah et al., 2004; Vanoosthuyse et al., 2004; Vigneron et al., 
2004). It is also clear that this dynamic interaction varies depending on the protein. 
Some proteins, such as Bubi are more stably associated with the kinetochore than others 
(Howell et al., 2004; Shah et al., 2004; Karen May, personal communication). The 
checkpoint proteins have also been found on spindle pole bodies (Howell et al., 2000), 
on the spindle (Ikui et al., 2002), on the nuclear envelope (Campbell et al., 2001) and 
this localisation often depends on the stage of the cell cycle. 
Studying the localisation of the APC/C and its activator Slpl/Cdc20, which is the 
target of the spindle checkpoint, and also forms a complex with the Mad2 and Mad3 
checkpoint proteins, by correlating the localisation patterns of these groups of proteins, 
should help in understanding mechanisms governing the APC/C/Slpl inhibition. In a 
similar way, correlating the dynamic APC/C localisation in Drosophila embryos 
provided insight into regulation of cyclin B degradation (Huang and Raff, 2002). 
In vertebrate cells Cdc20-GFP has been shown to localise to the nucleus, 
cytoplasm and centrosomes during interphase and to concentrate on the kinetochores 
during mitosis. The association of Cdc20 with the all these structures is very dynamic 
(Kallio et al., 2002) and a pool of Cdc20 associated with the kinetochore with similar 
dynamics to Mad2 (Howell et al., 2004). The S. pombe Cdc20 homologue, Sipi, was 
also found to co-localise with Mad2 checkpoint protein at unattached kinetochores in 
fixed cells (Ikui et al., 2002). The APC/C localisation is more controversial (see table 
3.1.). This complex consists of at least 13 subunits, some of which might exist in 
multiple copies; it is therefore possible that they present different localisation patterns. 
Live studies in Drosophila support this theory by showing that two subunits Apc3 and 
Apc6 display different patterns. While Apc3 can be found on mitotic chromosomes, 
Apc6 is not detectable at these structures (Huang and Raff, 2002). Both subunits have 
been found in cytoplasm, at the nuclear envelope (Huang and Raff, 2002), on the 
Drosophila and human mitotic spindle (Acquaviva et al., 2004; Huang and Raff, 2002; 
Topper et al., 2002) on spindle poles (Acquaviva et al., 2004; Jorgensen et al., 1998; 
Topper et al., 2002; Tugendreich et al., 1995) as well as on the human centromeres 
(Acquaviva et al., 2004; Jorgensen et al., 1998; Topper et al., 2002; Vigneron et al., 
2004). Other studied subunits were also shown to associate with spindle poles (Kraft et 
al., 2003; Kurasawa and Todokoro, 1999) and centromeres (Acquaviva et al., 2004; 
Jorgensen et al., 1998; Kurásawa and Todokoro, 1999). 
It is clear from these studies that the APC/C localisation pattern changes during 
the cell cycle and this is most likely important for regulating APC/C activity. 
Interestingly, there are data indicating that the localisation of the APC/C (in particular its 
recruitment to the kinetochore) might be regulated by the spindle checkpoint (Acquaviva 
et al., 2004; Vigneron et al., 2004). This suggests a mechanism of checkpoint action 
where, by preventing APCIC and/or Cdc20 localisation to the kinetochore, the 
checkpoint would prevent the activation of this complex and ubiquitination of securin 
and cyclin (Melloy and Holloway, 2004). The number of studies correlating APC/C and 
checkpoint protein localisation is limited. Moreover, most experiments have been done 
in fixed cells. While Cdc20 localisation has been studied in live vertebrate cells, which 
allowed, for example looking at its dynamics (Kallio et al., 1998; Kallio et al., 2002), 
there are no such data regarding the APC/C. It has been reported that tagging the APC/C 
subunits prevented their incorporation into the APC/C in HeLa cells (Acquaviva et al., 
2004), which is the reason why antibodies were used. 
In this chapter I aim to study the localisation of APC/C and Slpl in S. pombe. I 
tagged two subunits of the APC/C: Cut9 (Cdcl6) and Lidi (Apc4) as well as Slpl with a 
GFP tag and analysed their localisation in living and fixed cells. First I describe the 
methods by which these proteins were tagged and how I assessed the functionality of the 
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tagged strains. Other tagged APCIC and Sipi strains (Sip 1-HA, Sip 1-TAP, and Cut9-
TAP) built for the purpose of biochemical experiments are also described in this chapter. 
Table 3.1. Examples of localisation of different APC/C subunits in different studies 
Subunit 2e11 line/Organism Localisation Reference 
pc1 CHO centromeres Jorgensen et al., 
1998) nurine cells centromeres 
IeLa/human nucleus in interphase, unattached Acquaviva et al., 
fibroblasts cinetochores in early mitosis, spindle 004)  
poles 
-leLa cells centrosomes Kraft et al., 
003) 
pc3 nurine cells entrosomes and mitotic Jorgensen et al., 
hromosomes 1998) 
-leLa cells spindle poles, mitotic spindle, Topper et al., 
cinetochores, chromosome arms 002) 
Drosophila ytoplasm, nuclear envelope, mitotic Huang and Raff, 
spindle, mitotic chromosomes 002) 
A. nidulans (Bimi) spindle pole bodies (Mirabito and  
Morris, 1993) 
enopus dnetochores Vigneron et al., 
004) 
-leLa/human nucleus in interphase, inner (Acquaviva et al., 
fibroblasts centromeres, in early mitosis, spindle 2004) 
nicrotubules, spindle poles  
pc6 nurine cells centrosomes Jorgensen et al., 
1998) 
Drosophila cytoplasm, nuclear envelope, mitotic Huang and Raff, 
spindle 002) 
-leLa/human iucleus in interphase, unattached Acquaviva et al., 
fibroblasts inetochores in early mitosis, spindle 004) 
nicrotubules, spindle poles  
\pc4, Apc5 'LC general nuclear and cytoplasmic Jorgensen et al., 
and Apc7  taming 1998) 
pc2 and 'LC entrosomes Jorgensen et al., 
pc8 	I  1998) 
RV 
3.2. C-terminal GFP tagging of Sipi and APCIC subunits: Cut9 and Lidi 
3.2.1. Cloning into pDMO84 vector 
pDM084 plasmid was designed by Dave Miliband as a vector which allows C-
terminal GFP-tagging of proteins by homologous recombination (fig. 3.1.). The gf,  gene 
is localised downstream of a multicloning site with Kpnl, Sail and Apal restriction sites, 
which allow ligating fragments of a gene of interest. 
Methioninc of  GFp 
JKpnI Apal 	 Sail 














Figure 3.1. pDMO84, GFP - tagging vector 
pBluescript - based vector with GFP cloned as a EcoRI - BamHI fragment and his3+ at Bamlil site. 
Three unique restriction sites: KpnI, Apal, Sail upstream of GFP allow cloning the gene of interest. The 
gene can then be cut with a unique restriction enzyme, which results in a linear cassette, which can be 
used for targeting the gene of interest. This allows expression of a GFP-tagged protein from the native 
promoter. pDM084 was designed by D. Miliband 
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Once cloned into the vector, the gene fragment together with the gfp  gene are 
introduced into cells and by homologous recombination can become integrated into the 
genome and replace the wild-type gene. Cells with the replaced gene fragment can be 
selected with the use of a his3 marker, located downstream of the g/. Using this vector 
allows efficient gene tagging, as the regions of homology with the endogenous gene are 
relatively long (600 bp). 
Roughly 600bp long C-terminal fragments of slp1, cut9 and 1id1 genes were 
amplified from S. pombe genomic DNA as described in Materials and Methods section, 




Fragments of: 663 bp, 613 bp and 657 bp were obtained, respectively. The 
primers were designed to contain a KpnI and a Sail restriction site for cloning into 
pDM084. These restriction sites were not present in the amplified fragments. The 
amplified fragments were next subjected to A-tailing reaction (see section 2.5.7.3) in 
order to produce A-overhangs and allow cloning into pGEM-T easy vector. This step 
was required because the initial attempts to clone the gene fragments directly into 
pDM084 failed. C-terminal sip], cut9 and lid] fragments were ligated into pGEM-T and 
introduced into XL1-blue cells by transformation. White, ampicillin-resistant colonies 
were then analysed for the presence of the insert by PCR on colony using primers which 
were used for fragment amplification. Next, the plasmids containing the expected 
fragment were extracted from an overnight culture and subjected to a restriction digests 
using Sail and Kpnl restriction enzymes. The bands of interest (approximately 600 bp) 
were excised from the gel and purified using gel extraction kit. The recombinant pGEM-
T plasmids were also analysed by automated sequencing using M13 primer, which 
allows amplification of a fragment inserted into pGEM-T, and the presence of sip], cut9 
and lid] genes was confirmed. 
The resulting sticky-end fragments were ligated into KpnIISalI-digested 
pDM084 plasmid (figure 3.1.) and introduced into XL1-blue electrocompentent cells. 
Ampicillin-resistant colonies were picked and analysed by PCR on colony. The plasmids 
from the positive colonies were next digested with a unique enzyme for linearization. 
(Pstl was used for cutting sipl/pDM084, PflMI for cutting iidl/pDM084 and BstAPI for 
cut9/pDM084.) This was confirmed on an agarose gel. The linear DNA was introduced 
into wild-type Schizosaccharomyces pombe strain by lithium-acetate transformation. 
This strategy allows homologous recombination between the wild-type gene and the C-
terminal fragment cloned into the pDM084 vector, which is adjacent to the GFP-coding 
sequence. Yeast cells carrying this modified version of the gene of interest were selected 
by screening for his colonies. The resulting his yeast colonies were tested for 
integration of the studied gene and the GFP sequence by PCR on genomic DNA with 
primers designed to anneal to a sequence roughly 150bp upstream of the fragment 
cloned initially (SlploutF, Cut9outF, LidloutF) and a reverse primer which anneals to a 
sequence within the GEP-coding gene (5'GFPrev). PCR resulted in fragments of an 
expected size. 
Yeast strains carrying the GFP-tagged proteins were next analysed by western 
blotting to check protein expression. Cultures were grown in YES overnight and protein 
extracts were prepared as described in Materials and Methods. Extracts were then 
analysed using SDS-PAGE followed by western blotting with anti-GFP antibodies 
(figure 3.2.). Bands of sizes around 100 kDa and 110 kDa were recognised by the GFP 
antibody corresponding to Lidl-GFP and Cut9-GFP, respectively. Cut9-GFP ran at 
higher molecular weight than expected, however I attributed this to possible 
modifications of Cut9 protein. Cut9 is known to be hyperphosphorylated (Yamada et al., 
1997), which might result in altered mobility in the gel. Sip 1-GFP was very difficult to 
detect, however a faint band could be observed at the expected size (around 80 kDa). I 
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suspected that this low level of expression might be a result of low levels of this protein 
in cycling cells. Its budding yeast/human homologue, Cdc20 is a cell cycle regulated 
protein, whose levels peak in mitosis and drop dramatically after anaphase, at which 
point it is degraded in an APC/CThldependent  manner (Kramer et al., 2000; Prinz et al., 
1998). I also found that SIpi is turned over during mitosis in S. pombe (see chapter 5), 
which means that its levels are also regulated and drop after anaphase. 
In order to check the expression of Sip 1 -GFP during mitosis I arrested cells by 
introducing Mad2 protein on a pREP-3x thiamine-repressible expression plasmid into 
the Sip 1-GFP yeast strain and inducing overexpression of Mad2. This arrests cells in 
metaphase with a phenotype which mimics checkpoint activation caused by a defective 
spindle (He et al., 1997). It was clear from the blots that when arrested in mitosis, cells 
showed much higher levels of Sip 1-GFP (fig. 3.2.). This convinced me that the observed 
80 kDa band was Sip l-GFP. 
A. 	 B. 
WT CUt9-GFP Lidl-GFP SIpl-GFP 	 SIpl-GFP pREP3x-Mad2 
uninduced 	jp:j 
Cutg-GFP-* 	- 	____ 	
'4- Lidl-GFP 	 -. 
	
+-Slpl-GFP qjmJr 	Slpl-GFP 
1 	2 
Figure 3.2. Anti-GFP western blots performed on whole cell extracts of GFP-tagged strains 
Cut9-GFP, Lid l-GFP and Sip l-GFP from cycling cultures were compared with a wild-type strain. 
A Slpl-GFP strain carrying pREP3x-Mad2 plasmid was arrested in mitosis (lane 2, "induced") and 
compared with cycling culture (lane I, "induced"). Asterix indicates non-specific band recognised by the 
rabbit anti-GFP antibody. 
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3.3. Constructing TAP- and 3HA—tagged strains 
pFA6 cassettes (Bahier et al., 1998b) were used for TAP and HA tagging (figure 3.3.). 
iw 
pFA81canMX6 	 -1.6 kb 
it 
pFA-3HA-krnMX6 	-2.0 kb 
3HA 
pFMa.l3Myc4kaziMx6 	-2.4 kb 
Figure 3.3. Modules designed for PCR-based gene targeting in Schizosaccharomyces pombe (Bahier 
et al., 1998b) 
The 3HA, 13Myc and TAP (not shown) pFA6a cassettes (Bahier et al., 1998b) were amplified using 
primers adjacent to the fragment of the gene of interest, introduced into yeast cells by transformation and 
integrated into the genome by homologous recombination. This resulted in G418 resistant colonies. 
pFA6a-TAP and pFA6a-3HA cassettes were amplified using the following primers: 
Sip lpFA6afor - SlplpFA6arev 
. Cut9pFA6for - Cut9pFA6rev 
The primers were designed so that they were homologous to a roughly 100 bp 
fragment downstream of the gene of interest (reverse primer) and roughly 100 bp 
fragment upstream of the 5' end of the cloned C-terminus fragment to be transformed 
(forward primer). The 3' ends of the forward and reverse primers were homologous to 
the pFA6 cassette. This resulted in linear fragments consisting of the amplified cassette 
flanked by sequences homologous to the C-terminus of the gene and to its 3'UTR (see 
figure 3.4.). The PCR products were purified using PCR cleanup kit (Qiagen) and 
introduced into yeast using lithium acetate transformation. 
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Figure 3.4. Gene targeting using the Bahier cassettes (Bahler, 1998 1302 lid) 
Primers were designed to amplify roughly lOObp upstream and downstream of the 3' end of the gene 
and to amplify the cassette. The amplified fragments were introduced into yeast by transformation and 
integrated using homologous recombination 
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anti-HA (mouse) 	 anti-Myc (rabbit) 
Sipi 	Sipi Cut9 	 Sipi Sipi CutQ 
	
IA TAP TAP - l-I\ I \F' T \P 
116 kDa - 
97 kDa - 
66kDa— . 
ar - 97 kDa 
66 kDa 
Figure 3.5. Western blots of Slpl-HA, SIpI-TAP and Cut9-TAP 
G418-resistant Sip] -HA, Sipi-TAP and Cut9-TAP strains were checked by western blotting 
with anti-HA and anti-Myc (rabbit - for recognition of TAP tags) antibodies. Blots represent 
same whole cell extracts ran on separate 10% SDS gels. 
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The recombinants were selected on solid media containing G418, as the cassettes carry 
the kanMX6 gene. G418 resistant colonies were selected, screened by PCR and by 
western blotting on extracts prepared from overnight cultures derived from these 
colonies. Bands of a molecular weight of 66 kDa, 80 kDa and 97 kDa were obtained on 
a western blot for Slp 1-HA, Sip 1-TAP and Cut9-TAP, respectively (figure 3.5.). 
In a similar way, Sip 1-Myc strain was constructed and checked by western 
blotting (data not shown). 
3.4. Assessment of the functionality of the tagged strains 
In order to assess how functional the tagged strains were in terms of viability and 
the spindle checkpoint function, I looked at their growth at various temperatures and 
their response to a lack of microtubules. As a standard assay we use plating serial 
dilutions of cells on media containing benomyl. Benomyl acts by destabilising 
microtubules, therefore no attachment with the kinetochore will be established in cells 
treated with this drug. Cells with a functional checkpoint will be able to recover and 
only the ones with kinetochore-microtubule attachments will grow. However if cells are 
checkpoint deficient, they will continue to divide, which will result in cell death. 
I tested the following strains: Slpl-GFP, Slpl-HA, Sipi-TAP, Sipi-Myc, Cut9-
GFP, Cut9-TAP, Lid-GFP and Lidi -TAP by growing them on YES plates at 30°C, 36°C 
and on YES supplemented with 8.xg/m1 of benomyl at 30°C. Sip 1-Myc was not able to 
form colonies at 36°C, showing that this strain is temperature-sensitive (figure 3.6.A). 
Similarly, when incubated at 30°C in the presence of benomyl this strain did not grow 
(figure 3.63). Slpl-GFP and Sipi-TAP showed subtle growth defects when grown in 
the presence of benomyl (figure 3.63). This indicates that the Slpl-Myc strain, as well 
as (to smaller extent) Slpl-TAP and Slpl-GFP may be defective in spindle checkpoint 
function. The remaining tagged strains grew at a rate comparable to the wild-type strain 
in the presence of benomyl. 
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Another assay that we use to evaluate checkpoint function of a protein is 
combining it with a tubulin mutation in the nda3 gene. nda3-KM311 is a cold-sensitive 
mutation, which when activated, results in destabilisation of the microtubules (Hiraoka 
et al., 1984). Again, cells with a functional checkpoint remain viable, when this mutation 
is introduced. Moreover, it is clear that they arrest in metaphase with hypercondensed 
chromosomes and maintain this arrest for up to 8 hours. Cells with checkpoint defects 
will not respond to the lack of microtubules and will divide despite the lack of 
chromosome-microtubule connection. This can be easily visualised, as these cells will 
septate prematurely and will missegregate their DNA. 
I crossed the nda3 mutation into wild-type, as well as Lid 1-TAP (source: Gould 
lab), Lidl-GFP, Cut9-GFP, Slpl-GFP and Slpl-HA strains, grew them to logarithmic 
phase and incubated for six hours at 18°C to inactivate the protein. I then counted the 
number of septating cells and the numbers of cells with hypercondensed DNA. These 
results are presented in figure 3.7. I did not present data for Slpl-TAP, Sipi-Myc or 
Cut9-TAP, since these strains were not used in further experiments. 
Unfortunately, these results show that all tagged Slpl strains (Slpl-Myc, Sip 1-
GFP and Sipi-HA) are partially checkpoint defective. They do not maintain the nda3 
arrest and undergo septation. Initial tests, using benomyl-plating did not reveal serious 
defects in Slp 1-HA growth. Although the Slp 1-HA in some of the screens showed slight 
benomyl sensitivity when compared with wild-type strain, I decided based on this assay 
that it was "more functional" than Slpl-GFP. Slp 1-HA was therefore used in further 
biochemical experiments. However, assays performed later showed that Slp 1-HA might 
actually be more defective than Slpl-GFP, because the septation index of this strain in a 
nda3 arrest was reproducibly higher then Slpl-GFP and it had lower rates of condensed 
DNA. 
I compared a number of C-terminal tags on Slpl and neither of them produced 
fully functional protein. However, N-terminal tagging of Slpl renders the protein 
checkpoint-defective (H. Yamano, personal communication). I was also not successful 
with generation of anti-Slpl antibody, I was therefore forced to use the Slpl-GFP and 


































Figure 3.6. Temperature— and benomyl sensitivity of the tagged strains 
Serial dilutions of the tagged strains: Slpi-GFP, Slpl-HA, SIpi-TAP, Sipi-Myc, Cut9-GFP. Cut9-TAP, 
Lid 1-GFP and Lid 1-TAP were tested on a YES plates at 30°C and 36°C (A) as well as on a YES plate 
with 8 ig/rn1 of benomyl (B). Tagged strains were compared with wild-type and with mad2A or mph/4. 
Sip i-Myc was unable to form colonies at 36°C and in the presence of benomyl. Sip I-TAP and Sip i-
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Figure 3.7. The GFP -, TAP - and HA - tagged strains arrested using nda3-KM3II 
Wild-type, Cut9-GFP, Lid l-GFP. Lid 1-TAP, Slpl-GFP, Sipi -IIA and mud2i were 
arrested for 6 hours at 18°C and septation of cells was scored under microscope 
Wild-type, Cut9-GFP, Lid l-GFP, Lid I-TAP. Sip l-GFP, Sip i-HA and mad2zl were 
arrested for 6 hours at 18°C and numbers of cells with condensed DNA were counted (%) 
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The tagged APC/C strains: Lidi-TAP, Lidl-GFP and Cut9-GFP behaved in a similar 
way to wild-type in the benomyl and nda3 assay and arrested with high levels of 
condensed chromosomes and low septation index (figure 3.7.). 
3.5. Sipi and APC/C localisation in live S. pombe cells 
Cdc20/Slp1 is the APC/C activator and the target of the spindle checkpoint. It 
has been shown to form complexes with both, the APC/C subunits and the checkpoint 
proteins. It is not known whether these complexes are localised in the same place in the 
cell or at different sites. It is also not known whether APC/C and the checkpoint proteins 
determine Cdc20 localisation and how important that localisation is for a) APC/C 
activity, b) checkpoint function. A few studies attempted to answer these questions and 
provided some interesting conclusions. In Xenopus eggs both Cdc20 and subunits of the 
APCIC have been localised to the kinetochores and this localisation was shown to 
depend on the checkpoint proteins Bubi and Mpsl, as well as Aurora B and CENP-E. In 
contrast, Cdc20 and the APCIC subunits were not interdependent on each other 
(Vigneron et al., 2004). This indicates that recruiting Cdc20 and APCIC to the 
kinetochores might be a mechanism of checkpoint action. An active checkpoint was also 
shown to be required for APCIC kinetochore localisation in human cells. Interestingly, 
the APC/C subunits localised specifically to unaligned chromosomes and their 
abundance at, the kinetochore increased significantly in response to nocodazole 
(Acquaviva et al., 2004). 
Importantly, neither Cdc20 nor the APC/C localise to the kinetochores 
throughout the whole cell cycle. These proteins also associate with other cellular 
structures: the mitotic spindle, centrosomes and the nuclear envelope. In the case of 
Cdc20 the association with all these structures was shown to be very dynamic (Howell et 
al., 2004; Kallio et al., 2002). In the case of the APC/C this has not been studied, as the 
tags on APCIC subunits seem to interfere with its assembly in vertebrate cells 
(Acquaviva et al., 2004). It has been demonstrated however, that the pattern of APC/C 
localisation changes depending on the stage of the cell cycle. Although there is a lot of 
controversy about that, the model emerging from these studies is that the APC/C might 
be predominantly present in cytoplasm, possibly enriched in the nucleus, and on the 
centrosomes during interphase and concentrate on the kinetochores in prometaphase (or 
upon microtubule disruption). It disappears from these structures in anaphase and 
telophase. Similarly, Cdc20, although detectable at the kinetochores during anaphase, 
disappears from these structures after that stage (Kallio et al., 2002). 
I used Slpl-GFP, Cut9-GFP and Lid 1-GFP strains to look at cellular localisation 
of these proteins in S. pombe. In this system the localisation of Slpl and the APC/C has 
not been studied extensively. There is only one report, which localises Slpl to the 
kinetochore in a checkpoint activating arrest (Ikui et al., 2002). This experiment has 
been done in fixed cells and is based on co-localising Sipi with Mad2, which in another 
experiment co-localised with Mis6 kinetochore protein during checkpoint activation. 
Interestingly, the authors argue that Slpl is only present at the unattached kinetochores 
and is not found on kinetochores in mitotic arrests induced by APC/C mutants or 
proteasome mutations (Ikui et al., 2002). 
I studied Slpl-GFP localisation in live as well as fixed cells. I first analysed 
cycling cells, however due to very low levels of Slpl in a cycling population, I decided 
to arrest cells in mitosis. I used Mad2 overexpression as means of arresting cells in 
mitosis (He et al., 1997; see section 2.3.4.5.3.). This method is simple and allows 
efficient metaphase-like arrest (80-90% arrested cells). It has also been argued to 
activate the spindle checkpoint (He et al., 1997). 
I visualised either live (or fixed) with an Intelligent Imaging Innovations 
Marianas microscope (Zeiss Axiovert 200M, using a lOOx 13NA objective lens). For 
fixed preparations typically 30 minute para-formaldehyde fixation was used, however 
alternative methods, such as shorter fixation times or fixing using ice-cold methanol 
were found to give similar results. When cells were fixed, they were processed, as 
described in section 2.4.2.2. and stained with anti-GFP, as well as anti-TAT1 antibodies 
to visualise tubulin. DAPL/vectashield was applied when fixed cells were examined. 
3.5.1. Slpl-GFP localisation 
In cells carrying Slpl-GFP, even when cells were arrested in mitosis, the GFP 
signals were predominantly distributed throughout the cell. In some cells, in which 
Mad2 had been overexpressed, green foci could be observed. These foci seemed to co-
localise with the ends of the spindle (supplementary figure S 1A), however were 
extremely difficult to detect, in particular in fixed cells (figure S1A). I presume that the 
GFP foci observed in some cells might correspond to the kinetochores, as I have 
preliminary data to show that they co-localise with the Ndc80-CFP kinetochore marker 
(supplementary figure S 1E and F). However, they also seem to co-localise with the 
spindle pole body marker, Cdci i-CFP (supplementary figure SIG). In S. pombe 
kinetochores and spindle poles are close to each other (Funabiki et al., 1993), so these 
signals might be very difficult to separate. Occasionally, in living cells, the GFP signal 
was enriched along the mitotic spindle (supplementary figure SID). Unfortunately, I did 
not manage to resolve what determined these differences in Slpi-GFP localisation. 
Although they could reflect the differences in protein localisation throughout the cell 
cycle, I do not have evidence to prove this hypothesis (see discussion, section - 3.7). In 
these experiments cells were typically arrested for 16-18 hours of Mad2 overexpression. 
I tried arresting cells for a shorter time (10-12 hours), in order to look at cells at earlier 
stages of mitosis however the signals observed then were extremely weak 
(supplementary figure Si .E). It is known that the protein levels of the APCIC activators, 
Slpi/Cdc20 are cell-cycle regulated, I therefore did not expect strong GFP signals in 
interphase cells. However in a number of experiments, no enrichment of Slpi-GFP 
signals was seen at any specific localisation, even when Mad2 was overexpressed. I 
could therefore not conclude from these experiments, where Slpi-GF'P is localised in the 
cell and how this depends on the cell cycle status of the cell. Because I had some 
preliminary results indicating that in might be on the kinetochores, I followed up this 
study with Chromatin Immunoprecipitation experiments (ChIP) (see chapter 3.6.) 
3.5.2. APC/C localisation 
Similarly I looked at the localisation of Cut9-GFP and Lidl-GFP in live as well 
as fixed cells. I studied a cycling population of cells, as well as cells arrested in mitosis 
by Mad2 overexpression. No changes in the localisation pattern of these subunits were 
observed in mitosis, when compared with cycling cells. Both APC/C subunits had a very 
similar pattern and seemed to be distributed throughout the cytoplasm with enrichment 
in the nucleus, possibly being excluded from the nucleolus (supplementary figure S2.). 
3.6. Chromatin Immunoprecipitation (ChIP) of Slpl-GFP 
In order to confirm if Slpl does localise to the centromeres, I performed 
Chromatin Imniunoprecipitations on mitotically arrested cultures carrying Sipi-HA. I 
used Bub3-GFP as a positive control, as it has been previously shown to localise to the 
inner centromere of fission yeast chromosome I (Vanoosthuyse et al., 2004). 
The fission yeast centromeres can be divided into distinct protein interacting domains: 
the central kinetochore domain, flanked by the outer repeats (otr) (figure 3.8.); (Partridge 
et al., 2000). The central domain consists of central core (cnt) and innermost repeats 
(imr) and is made up of "unusual chromatin", while the outer repeats are composed of 
repetitive heterochromatin (reviewed by Pidoux and Allshire, 2005). Heterochromatin 
(Sharp et al., 2003) is characterised by underacetylated histone H3 and H4 and by 
methylation of histone H3 on lysine 9. Insertion of any marker into this region results in 
its transcriptional silencing (reviewed by Pidoux and Allshire, 2005). The abundance of 
heterochromatin in fission yeast kinetochore makes it similar to the vertebrate mitotic 
apparatus. The central core is also made of heterochromatin, although the silencing 
effect is not as strong as in case of outer repeats. The central core is flanked by inner 
repeats unique to each centromere. 
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Figure 3.8. Chromatin Immunoprecipitation of SIpi-HA from mitotic cells 
Sip I-HA was immunoprecipitated from fixed mitotic cells (Mad2 overexpression arrest) and 
compared with Bub3-GFP and with "no tag" control. Slpi-HA was pulled down using 12CA5 
anti-HA (mouse) antibody and two sets of dynabeads were used - protein A and protein G. The 
precipitates were subjected to PCR with primers for the inner (cnt) and outer (otr) centromere as 
well as a negative control (fbp). The chart presents quantification of band intensities after 
subtracting the background intensity and normalised through dividing by the non-specicific fbp 
signals and the corresponding crude sample signals. 
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I immunoprecipitated the HA- and GFP-tagged proteins from extracts, where the 
proteins and DNA had been crosslinked with the use of para-formaldehyde (as described 
in 2.7.) and sonicated in order to yield fragments of roughly 600 bp. I next isolated the 
fragments of DNA which bound to the proteins of interest. Then I performed multiplex 
PCR on the isolated DNA, using primers annealing to the inner centromere (cntA, cntB), 
the outer repeats (otrA, otrB) of the fission yeast centromere I (see figure 3.8.) and a 
non-centromeric gene, as a negative control (fbpA, fbpB). The PCR products were 
resolved on a 1.5% agarose gel and the intensities of the bands quantified and compared 
after subtracting the background intensity and normalising against the non-specific fbp 
band intensity, and against the crude control (see chart in figure 3.8.). 
PCR on the Slpl-HA samples using primers to the fission yeast centromere I 
revealed a strong band for the inner centromere region and close to background signals 
corresponding to the outer repeats (figure 3.8.). I used two different dynabeads: protein 
• and protein G with the mouse anti-HA (12CA5) antibody and found that using protein 
• resulted in more efficient binding than protein G. This result means that the DNA 
isolated from Slp 1-HA immunoprecipitates contained fragments of the inner centromere. 
The positive control, Bub3-GFP also immunoprecipitated with the central domain, 
which is consistent with previous results (Vanoosthuyse et al., 2004). 
3.7. Discussion 
Biochemical data from S. pombe shows that Mad2 and Mad3 form a complex 
with Slpl in cells where checkpoint has been activated (Millband and Hardwick, 2002). 
Moreover, these checkpoint proteins bind to the APC/C subunit Lidi in mitosis (see 
chapters 4 and 5) suggesting that Slpl, the APC/C and the spindle checkpoint proteins 
must at least transiently co-localise in the cells during that time. A number of studies 
have shown that checkpoint components are targeted to the kinetochore upon checkpoint 
activation (Abrieu et al., 2001; Campbell and Hardwick, 2003; Chen et al., 1998; Shah et 
al., 2004; Taylor and McKeon, 1997; Vanoosthuyse et al., 2004) and that this 
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localisation is important for their function. I was therefore expecting to observe at least 
partial association of Sipi and possibly the APC/C subunits with the fission yeast 
kinetochores. 
In order to look at cells in mitosis, I used overexpression of the checkpoint 
protein Mad2, which induces a metaphase-like arrest (He et al., 1997). The Slpl-GFP 
signals were difficult to detect, and when detectable, the pattern of its localisation varied 
from cell to cell. Although in a number of cells I found foci which could likely 
correspond to the kinetochores or spindle pole bodies (see supplementary figure Si), it is 
not clear why this was not the case in all studied cells. Different localisation patterns 
could represent different stages of the cell cycle, however one would expect that Mad2 
overexpression should result in a synchronous population. Typically 80-90 % of cells 
where Mad2 has been overexpressed represent a metaphase phenotype, which can be 
visualised by the presence of a short spindle. In the case of Slpi-GFP, which as shown 
above, is not fully functional, cells might not be fully synchronised. I did observe 
unusual morphology of Sip 1-GFP strain in response to Mad2 overexpression and I 
discuss this issue below. 
An important issue may be that the levels of Mad2 protein expressed from the 
pREP3x plasmid may vary between cells, depending on the copy number of the plasmid. 
Sipi might be particularly sensitive to the levels of Mad2, as it is known to interact with 
Mad2 (Kim et al, 1998; chapter 4). Therefore expressing different levels of Mad2 in 
different cells could result in variation in Slpi localisation pattern. It would be 
interesting to repeat these localisation experiments in an nda3 arrest, which should not 
lead to changes in the levels of checkpoint components. This experiment has been done 
by Ikui, who found Sip',  as well as Mad2 at the fission yeast kinetochore in a nda3 
arrest. At the same time Mad2 was also shown to co-localise with the ends of the mitotic 
spindle (Ikui et al., 2002). Interestingly, the authors argue that this localisation depends 
on the lack of kinetochore-microtubule attachment. Since the effects of overexpressing 
Mad2 on the kinetochore-microtubule attachments are not understood and my 
localisation data is not clear, it is difficult to support or argue against this model. 
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Nevertheless, the Chromatin Immunoprecipitation (ChIP) results do show that Sipi 
indeed associates with the central core of centromere I. 
Similarly, the Slpl human homologue, Cdc20 has been localised to unattached 
kinetochores during mitosis and was shown to cycle rapidly on and off these structures 
(Howell et al., 2004; Kallio et al., 2002). 
Interestingly, Sip 1-YFP has also been localised to spindle pole bodies to the 
nucleus, spindle miërotubules and the site of septum formation (see figure 3.9.) 
(http://cgl.riken.go. j p/gene/login.html; Matsuyama et al., 2006). This experiment 
however was done using overexpression of Slpl-YFP protein and may be therefore 
difficult to interpret. 
In budding yeast Cdc20 as well as CdhlfHctl were found in the nucleus 
(Jaquenoud et al., 2002; Melloy and Holloway, 2004). Importantly, it has been 
demonstrated that cdhl/hctl mutants, which are unable to enter the nucleus, are 
defective in the degradation of cyclin during 01 (Jaquenoud et al., 2002). The 
Drosophila Fzy/Cdc20, as well as Fzr/Cdhl have been found at the kinetochores and the 
centrosomes. This centrosomal localisation of Cdc20 has also been argued to be required 
for catalysing the destruction of cyclin, which is degraded on the spindle during mitosis 
and throughout the cell in Gi (Raff et al., 2002). 
As mentioned before, the Sip 1-GFP strain responded to Mad2 overexpression in 
an unusual way. Typically when Mad2 is overexpressed in wild-type S. pombe cells, 
these arrest with condensed DNA (characteristic of sister chromatids, which are about to 
divide) and a short 2.5 pm long metaphase spindle (He et al., 1997). Because many of 
the Sip l-GFP cells were found to have segregated their DNA and had much longer, 
anaphase spindles (more than 6 pm), I suspected that they have either failed to maintain 
the arrest, or they have arrested later than wild-type. This could possibly be one of the 
reasons why the Slpl-GFP signals were weak. I therefore attempted to arrest cells earlier 
in mitosis and anticipated stronger GFP signals perhaps associated with the 
kinetochores. 
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http://cgi.riken.go.jp/gene  db 
3.9. SIpI-YFP localisation (from http://c21.nken.2o.jp/gene/db)  
Comparison of other Sip] localisation data. Sip I-YFP was shown to localise to the SPB, mitotic 
spindle, form nuder dots,and localise to the site of septum formation. 
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The Mad2 overexpression arrest makes use of the nmr-3x thiamine-repressible 
promoter and in order to induce a mitotic arrest in wild-type cells, these should be grown 
without thiamine for roughly 16 hours. I tried looking at Slpl-GFP in a shorter, 10 and 
12 hour arrest however the GFP foci that I could observe were extremely weak and 
prone to photobleaching. Once again the localisation pattern varied between 1 and 2 foci 
per cell, most likely reflecting lack of synchrony of the studied population or different 
levels of Mad2 protein in the cells. It would perhaps be best to study cells released from 
a cdc25 (G2) arrest and analyse Slpl-GFP signals during normal mitosis. This could also 
help to understand whether the signals increase during prometaphase. 
Slpl-GFP cells were also significantly longer than wild type cells (20-34 pm, 
compared with 10-15 pm for wild-type), and this was even true for the ones which 
arrested with a metaphase-like phenotype, with a relatively short spindle (around 3 pm). 
I suspect that the GFP tag caused a partial defect in either function of Slpl or in its 
susceptibility to checkpoint inhibition. This was assessed by exposing the strain to 
microtubule depolymerisation using: benomyl (in solid media) and nda3-KM311 cold-
sensitive mutation of beta-tubulin (in liquid culture). While the cells were able to 
overcome the defects caused by benomyl on solid media and were able to form colonies, 
when analysed for septation index and the condensation of DNA, it was clear that they 
did not arrest in mitosis as efficiently as wild-type. This problem was the main reason 
why attempts to build "a more functional" Slp 1-tagged strain were made. Unfortunately, 
the Slp 1-HA strain had similar problems with the nda3 arrest. Therefore tagging Slpl on 
its C-terminus renders the strain partially checkpoint deficient. The C-terminal IR motif 
in the WD-repeat activator proteins had been argued to play a role in APC/C binding, 
alongside other motifs, such as the N-terminal "C-box" (Passmore et al., 2003; 
Vodermaier et al., 2003). In agreement with this, the sip] -362 mutant, which does not 
bind APC/C is a mutant lacking the two terminal WD repeats, situated in the C-
terminus, upstream of the IR motif, as well as the IR motif (Yamada et al., 2000). Other 
studies agree that the WD40 repeats, are required for APC/C binding, while the N-
terminus has domains required for checkpoint protein binding (Kallio et al., 2002). The 
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same authors argue that the WD40 repeats are also necessary for kinetochore binding, 
and propose a model, where the Cdc20 binds to the kinetochore via these repeats, and 
can only interact with checkpoint proteins (via N-terminus), but can no longer activate 
the APCIC (Kallio et al., 2002), which argues that kinetochore localisation of Cdc20 is 
important for inhibition by the spindle checkpoint. The N-terminus of Sipi was shown 
to contain a site required for Mad2 binding (Kim et al., 1998). Moreover I know from 
personal communication (Hiro Yamano) that the N-terminal tag on Sipl also causes 
strong defects. Perhaps integrating an internal tag, which would not interfere with the 
WD40 repeats or the Mad2 binding motif would be worth considering. 
The C-terminal tags on Slpl clearly make it partially resistant to checkpoint 
inhibition. Perhaps they are the reason why the kinetochore-associated signals I 
observed were so weak. Perhaps they do not respond to the checkpoint-dependent 
kinetochore recruitment, as well as wild-type cells. However, as indicated by the ChIP 
experiment, the tags no not perturb the kinetochore association completely. Moreover, 
they do not disrupt the mitotic checkpoint complexes (MCC) (see chapter 4). 
Dissecting Slpl/Cdc20 proteins to try to understand the functions of their 
different domains is clearly an interesting project and should help in understanding the 
mode of action of this protein, as well as how it is inhibited by the spindle checkpoint. 
I next visualised Lid-GFP and Slpl-GFP in living and fixed S. pombe cells. 
Controversy in the field regarding APC/C localisation complicates the understanding of 
mechanisms governing the activity of this multisubunit complex, as well as the process 
of its inhibition by inhibitors, such as the spindle checkpoint proteins. Multiple subunits 
have been localised to different parts of the cell (table 3.1.). The simplest interpretation 
is that they might be performing different functions and that the localisation patterns 
might vary between the organisms (Huang and Raff, 2002). 
Most of the reports regarding APC/C localisation focus on the subunits 
Apc3/Cdc27 (Hirano et al., 1988) and Apc6/Cdcl6 (Cut9 in S. pombe). These proteins 
can be found in the nucleus, on centrosomes and the mitotic spindle (Acquaviva et al., 
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2004; Jorgensen et al., 1998; Tugendreich et al., 1995) in human cell lines, but also on 
the chromosomes/kinetochores (Acquaviva et al., 2004; Daum et al., 2000; Jorgensen et 
al., 1998; Topper et al., 2002). Similarly, studies in S. pombe showed that the Nuc2 
(Cdc27) subunit associated with DNA (Hirano et al., 1988). The association of the 
APC/C subunits with the kinetochores may be dependent on their phosphorylation status 
(Topper et al., 2002) and on the stage of the cell cycle (Acquaviva et al., 2004). 
Studies of the same subunits, Cdc27 and Cdcl6 in Drosophila revealed multiple 
localisation patterns of these proteins (Huang and Raff, 2002). This localisation changed 
throughout the cell cycle, from the nuclear envelope, the nucleus, spindle and eventually 
the chromosomes at late anaphase for Cdc27, while Cdcl6 seemed to be excluded from 
these structures. The authors argue that this change in localisation pattern of Cdc27 
could be due to the fact that the APC/C substrate, the destruction of cyclin B in 
Drosophila starts at the centrosomes and spreads towards the spindle equator and 
therefore APC/C could follow this pattern. 
I used Cut9-GFP (the homologue of Cdcl6) and Lidl-GFP to study the 
localisation of APC/C in S. pombe. In both, cycling cells as well as mitotically arrested, I 
saw nuclear GFP staining, which looked similar for both Lidl-GFP and Cut9-GFP. 
Cut9-GFP often looked as if it were excluded from the nucleolus. I did not however 
observe punctuate localisation of the APC/C subunits on the kinetochores or spindle 
pole bodies, as has been reported for most subunits in vertebrate cells. In S. pombe 
Cdcl3 and Cut2 localise to the nucleus, to the spindle and the spindle pole bodies 
(Decouignies et al., 2001; Yanagida et al., 1999), I could therefore expect APC/C to 
localise to these sites. On the other hand, since APC/C targets proteins for proteasomal 
degradation, it could be localised in proximity with the proteasome at the nuclear 
periphery in S. pombe mitosis (Wilkinson et al., 1998) However, I did not find a 
concentration of the APC/C signal at the nuclear periphery. 
Why would Slpl localise to the kinetochore? Why would this only happen 
during mitosis? The answer to the second question might come from the fact that 
Slpl/Cdc20 is degraded after mitosis (see chapter 5) and is present at very low levels 
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during the cell cycle. It is possible that the kinetochore localisation is necessary for 
bringing Slpl and APCIC together in order to allow APC/C activation. In S. pombe I did 
not see APC/C enrichment on the kinetochores during mitosis, however it is likely that a 
pool of this complex interacts with these structures. In the future, it would be interesting 
to try ChIP experiments using these and perhaps other S. pombe APC/C subunits, to 
check if APC/C interactions with the DNA could be detected using this method. 
Alternatively, it may be the case that Sipi interacts with another subunit of the APC/C at 
the kinetochore and only then is incorporated into the remaining APC/C complex, 
situated elsewhere in the cell. 
Interestingly, it has been shown in budding yeast that Cdc23 (Apc8) co-localised 
with the kinetochore proteins and this localisation was disrupted upon nocodazole 
treatment as well as in cdc20-1 mutant and in certain kinetochore mutants (Melloy and 
Holloway, 2004). This indicates that the checkpoint could act to inhibit the recruitment 
of APC/C to the kinetochore and its subsequent activation. If this were the case in S. 
pombe, it could also explain why I did not see any kinetochore localisation upon Mad2 
overexpression, if indeed this arrest activates the checkpoint (He et al., 1997). However, 
it has been shown that Slpl can be found on kinetochores in an nda3 arrest, when the 
checkpoint is active (Ikui et al., 2002), which indicates that the spindle checkpoint does 
not prevent this association. It would be interesting to see whether Slpl or the APC/C 
are recruited to the kinetochores during normal mitosis, using, for example cdc25 block 
and release. cdc25 mutant blocks cells in G2 (Russell and Nurse, 1986) at restrictive 
temperature and when released into permissive temperature, the cells enter mitosis 
within 30-40 minutes. Otherwise, a mitotic arrest which does not activate the spindle 
checkpoint, such as the proteasome mutant, mts3-1 (Gordon et al., 1996) could be used 
to see whether the levels of Slpl on the kinetochore change when compared with 
checkpoint-activating arrest. 
Alternatively, Slpl recruitment to the kinetochore could be required for the 
spindle checkpoint. In human cells there are several arguments supporting this theory. 
First of all, the APC/C subunits are recruited preferentially to unaligned kinetochores 
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and in normal mitosis they are enriched in prometaphase, when the attachments with the 
microtubules had not yet been made (Acquaviva et al., 2004). In contrast to the budding 
yeast data (Melloy and Holloway, 2004), the concentration of APCIC on the 
kinetochores was shown to rise four times upon the addition of nocodazole. This 
increase upon nocodazole treatment is similar to the behaviour of Bubi and BubRi. The 
authors also show that the Apc3 subunit is recruited to the kinetochores roughly at the 
same time as the checkpoint protein BubRi and argue that both, the APCIC and Bubi 
and BubRi are recruited to the kinetochores upon treatment with taxol. They also 
demonstrate that a functional checkpoint is required for APC/C binding to the 
centromere, indicating that this localisation is a part of checkpoint response (Acquaviva 
et al., 2004). These observations led to the following models. Either the MCC (mitotic 
checkpoint complex) binds and inhibits APC/C at the kinetochores, or the APC/C is 
sensitized to checkpoint inhibition by some modifications happening at the kinetochores. 
The second theory was also suggested by Sudakin et a!, who found that MCC was 
present in the cells even in the absence of mature kinetochores, yet it was only capable 
of inhibiting the mitotic APCIC (Sudakin and Yen, 2004). 
Data from vertebrate Cdc20 localisation argues in favour of the first model, 
where Cdc20/APCIC is recruited to the kinetochores in order to be inhibited by the 
checkpoint proteins. The vertebrate Cdc20 was shown to dynamically associate with the 
unattached kinetochores, as well as the spindle poles (Howell et al., 2004; Kallio et al., 
2002). These are also the sites where the checkpoint protein Mad2 has been found 
(Howell et al., 2000). There is some discrepancy in the studies, which compare 
localisation patterns of these two proteins (Mad2 and Cdc20). Initial FRAP experiments 
showed that the turnover of Cdc20 at the kinetochores (with half time of around 5 
seconds) was four times faster than the turnover of Mad2. Moreover, unlike Mad2, the 
disappearance of Cdc20 from the kinetochores seemed to be microtubule-independent 
(Kallio et al., 2002). However, more recent studies distinguished two populations of 
Cdc20 by FRAP; more rapid population with turnover half time of around 1 s and a 
slower population with half time of turnover of around 20 seconds, which is similar to 
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the turnover rate of Mad2 (Howell et al., 2004). Moreover, the authors show that in 
cdc20 mutants, which do not bind Mad2, this slower population of Cdc20 is no longer 
present, indicating that a pool of Cdc20 is associated with Mad2 at the kinetochore and 
possibly migrates away from the kinetochores together with Mad2 as a diffused signal. 
Cdc20, as well as APC/C was shown to require the checkpoint proteins Mpsl and Bubi 
as well as CENP-E and Aurora B to localise to the kinetochores (Vigneron et al., 2004). 
Interestingly, human Bubi phosphorylation was shown to be required to render 
Cdc20 sensitive to inhibition by the checkpoint (Tang et al., 2004a). Slpl/Cdc20 could 
therefore be recruited to the kinetochores by the spindle checkpoint proteins, for 
example Bub I, which targets many proteins to kinetochores, or Mad2, which was shown 
to colocalise with Slpl/Cdc20 (Howell et al., 2004; Ikui et al., 2002). Subsequently it 
could undergo phosphorylation or other modifications necessary for checkpoint 
inhibition. 
In S. pombe, no Slpl has been observed on the kinetochores in mitotic arrests, 
which do not rely on checkpoint activation (cut9, mts3, nuc2), in contrast to the 
checkpoint - activating nda3 arrest (Ikui et al., 2002), indicating that checkpoint 
activation might be important for localising Sipi to the kinetochores. It also co-localised 
with Mad2, exclusively in the nda3 arrest. 
It seems likely that kinetochores serve as sites where the inhibition of 
APC/CSlP2O (or sensitisation of this complex to checkpoint inhibition) takes place. 
The APC/CS420  targets are situated away from the kinetochores, on the spindle poles 
and mitotic spindle. Therefore activating APC/C by Slpl/Cdc20 could take place at 
these sites and not at kinetochores. Moving APCIC away from its targets, to the 
kinetochores, where the checkpoint proteins are recruited in response to kinetochore 
attachment defects seems logical as means of inhibition. This model is however 
challenged by my findings, that kinetochores are not required for forming MCC and for 
binding of MCC components to the APCIC (see chapter 4). This observation was also 
made in budding yeast (Fraschini et al., 2001b; Poddar et al., 2005) and in HeLa cells 
110 
(Sudakin and Yen, 2004). This brings up new questions regarding the roles of 
kinetochores in the spindle checkpoint. 
In summary, I looked at the localisation of the GFP-tagged subunits of the 
APC/C and its activator, Sipi in cycling cells and in mitosis in S. pombe. I have 
preliminary data which suggests that under certain conditions (Mad2 overexpression) 
Slpl might localise to the kinetochores and the spindle poles, as well as the spindle, the 
nucleus and the cytoplasm during mitosis. The APC/C subunits, Cut9-GFP and Lidi-
GFP stained the cytoplasm and were enriched in the nuclear region. 
The data regarding the localisation of Cdc20 and the APC/C in other organisms 
prove that these proteins are clearly very dynamic, however the biological significance 
of their localisation and the factors which determine it, remain to be tested., 
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Chapter 4 
The Mitotic Checkpoint Complex and its 
interactions with the Anaphase Promoting 
Complex/Cyclosome 
Chapter 4 
The Mitotic Checkpoint Complex and its interactions with the 
Anaphase Promoting Complex/Cyclosome 
4.1. Introduction 
The Mad and Bub proteins cooperate to prevent the Anaphase Promoting 
ComplexlCyclosome from targeting mitotic proteins (securin and cyclin B) for 
degradation by the 26S proteasome and thereby triggering anaphase. How this is 
achieved is the subject of numerous studies, many of which concentrate on a complex 
called the Mitotic checkpoint complex (MCC). The Mitotic Checkpoint Complex 
consists of Mad2, Mad3fBubR1 and Bub3, together with the APC/C activator: 
Cdc20/p55/Slpl. In S. pombe Bub3 does not appear to be stably associated with this 
complex. 
Mad2 and Mad3 co-immunoprecipitate with the budding yeast Cdc20 (Hwang et 
al., 1998) and cdc20 mutants which are unable to bind these proteins are checkpoint 
deficient (Hwang et al., 1998). This is also true for S. pombe, where expression of a 
mutant sip] allele, which is defective in Mad2 binding abolishes the spindle checkpoint 
(Kim et al., 1998). This suggests that the MCC plays an important role in checkpoint 
function and APCIC inhibition. 
Bub3 has been found as an MCC component in budding yeast (Fraschini et al., 
2001b; Hardwick et al., 2000; Poddar et al., 2005) and has been argued to be required 
for MCC assembly (Fraschini et al., 2001b). It is also present in the vertebrate MCC 
(Fang, 2002; Sudakin et al., 2001; Sudakin and Yen, 2004; Tang et al., 2001a). Despite 
the fact that Madl binds constitutively to Mad2 (Chen et al., 1999) and that it has been 
found to interact alongside Mad2 and Mad3 with Cdc20 in a yeast two-hybrid study 
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(Hwang et al., 1998), it has not been found as part of the MCC. Similarly Bub I, which is 
a known interactor of Bub3 (Brady and Hardwick, 2000; Campbell and Hardwick, 2003; 











Figure 4.1. Checkpoint proteins form different complexes in cells 
Mad2 constitutively binds Mad 1 
Bubi associates with Bub3 
Mad3 forms a complex with Bub3 
The MCC is formed by Mad3, Mad2. Sip l/Cdc2O as well as Bub3, which has not been found to 
be part of this complex in S. pombe 
Mad2/Cdc2O complex has been found during mitosis 
In S. pombe Mad2 has been shown to bind the Cdc20 homologue, SIpI (Ikui et 
al., 2002; Kim et al., 1998). It has also been co-immunoprecipitated with the S. pombe 
Mad3 (Miliband and Hardwick, 2002). Neither Madi nor Bubi and, in contrast to other 
species, Bub3 had been found in the complex, which means that either the association of 
Bub3 with the MCC is very weak, or that this complex has a different composition in 
different model systems. Bub3 can still form a complex with Mad3 in S. pombe 
(Millband and Hardwick, 2002). 
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Importantly, the MCC isolated from human cells has an inhibitory activity 
against the APCIC in vitro. It has previously been reported that oligomeric Mad2 can 
inhibit the APCIC (Fang et al., 1998a; Li et al., 1997). However, the addition of the 
Mad3 homologue, BubRi, and in some cases Bub3 was shown to have a synergistic 
effect on inhibiting cyclin B polyubiquitination by the APC/C and the complex of these 
proteins was shown to be much more potent in inhibiting APCIC than Mad2 alone 
(Davenport et al., 2006; Fang, 2002; Harris et al., 2005; Sudakin et al., 2001; Tang et al., 
2001a; Yu, 2002). 
In vertebrate cells Mad2 and Mad3 associate with the Anaphase Promoting 
ComplexlCyc!osome (APCIC) (Fang, 2002; He et al., 1997; Kallio et al., 1998; Li et al., 
1997; Wassmann and Benezra, 1998). This association had not been so far reported in 
either budding or fission yeast. 
In this study I show that MCC, consisting of Mad2, Mad3 and Slpl, forms in 
fission yeast during mitosis and that these proteins associate with the APCIC. I compare 
different mitotic arrests and conclude that both: the MCC and the MCC-APC/C 
complexes are formed in mitosis, independently of checkpoint activation. 
I demonstrate that the MCC-APC/C binding is mediated by Slpl. I also find that 
MCC formation is disrupted upon deletion of its component, Mad2. It is however 
independent of other checkpoint proteins, including checkpoint kinases: Bubi and 
Mphl, as well as Bub3, which is required for kinetochore targeting of checkpoint 
proteins (Mil!band and Hardwick, 2002). This brings up new questions regarding the 
role of kinetochores in checkpoint function. The kinetochore has been considered as the 
site where the checkpoint proteins are brought together in order to interact with one 
another and undergo modifications which would then render them susceptible for 
complex formation and active for APC/C inhibition (Campbell and Gorbsky, 1995; Li 
and Nicklas, 1995; Rieder et al., 1995). Several studies however provide evidence that 
the APC/C inhibitor MCC can be formed independently of these structures (Fraschini et 
al., 2001b; Sudakin et al., 2001). 
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4.2. The Mitotic Checkpoint Complex 
S. pombe Mad3-GFP co-immunoprecipitates with Sipi and Mad2 in nda3-
arrested fission yeast extracts (Miliband and Hardwick, 2002). nda3-KM311 is a cold-
sensitive tubulin mutant, which when activated destabilises the microtubules and triggers 
a checkpoint response (Hiraoka et al., 1984). The MCC was only found in the nda3-
arrested cells and not in cycling population suggesting that the complex might be an 
important part of the checkpoint response in fission yeast. I analysed the formation of 
MCC in cells arrested in mitosis in a checkpoint-independent manner. I also looked at 
the effects of mutating individual checkpoint components on the formation of this 
complex and tested dependence on kinetochore targeting. 
4.2.1. The MCC forms in mitosis independently of checkpoint activation in S. 
pombe 
In chapters 4 and 5 I analyse the effects of mutations in different checkpoint 
components on the formation of mitotic complexes. In order to do those experiments, I 
needed a method of synchronising strains in mitosis regardless of the lack of a functional 
checkpoint. I made use of the method described by Yamano (1998) and arrested cells by 
overexpressing the N-terminus of cyclin B. In this arrest the 70 N-terminal aminoacids 
of cyclin B, Cdcl3 are overexpressed from a thiamine-repressible nmt promoter. This 
fragment carries a destruction motif, called the D-box (Yamano et al., 1998) which 
interacts with the D-box receptors situated on APC/C and/or its activator, Sip!. As a 
result, the APC/C" substrates can no longer be ubiquitinated and cells arrest in mitosis 
with high levels of Cut2 and Cdcl3. The N-70 peptide does not deplete the intracellular 
ubiquitin pools, as the lysines had been mutated in this construct (N70-K0). 
I first analysed whether the mitotic checkpoint complex (MCC) was present in 
this checkpoint-independent arrest. I looked at the formation of MCC in strains carrying 
Mad3-GFP and Slp 1-HA, arrested in mitosis with the N-70 plasmid and compared it 
with a cycling population. I immunoprecipitated Mad3-GFP using anti-GFP antibodies 
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and resolved the eluates using 15% SDS-PAGE. The gels were next transferred onto a 
nitrocellulose and immunoblotted for the presence of Mad3-GFP, Sipi-HA and Mad2. I 
found that Mad2 and Sip 1-HA co-immunoprecipitated with Mad3-GFP in the N-70 
arrest, even though the N-70 arrest presumably does not cause any kinetochore defects. 
The levels of the complex in cycling cells were very low (figure 4.2.). 
I was interested to see whether unattached kinetochores stimulated the formation 
of MCC when compared with an arrest which does not activate the checkpoint. I tried to 
compare the amounts of Mad2/Mad3-GFP/Slp 1-HA (MCC) complex in N-70 arrest with 
the nda3-KM311 arrest. This experiment however proved technically difficult. Although 
I saw an increased amount of Mad2 bound to Mad3-GFP in an anti-GFP [P, it might 
have been (at least partially) a consequence of a higher mitotic index of nda3-arrested 
cells. The nda3 arrest typically results in 2-3 times more mitotic cells than the N-70 
arrest. This was judged by counting Mad3-GFP foci on the kinetochores in case of nda3 
strain or staining tubulin and counting mitotic spindles in case of N-70 arrest (as the 
GFP foci are not as bright in this arrest and difficult to score). Although I think that the 
difference in band intensities was somewhat higher than 2-3 fold (supplementary figure 
S3), I do not have enough reproducible evidence to be certain that the increase seen was 
due to checkpoint activation. 
In budding yeast the MCC was shown to form in mitosis independently of 
checkpoint activation and the addition of the microtubule destabilising drug nocodazole, 
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4.2. MCC consists of Mad3, Mad2 and SIpI in S. pombe and is formed in mitosis 
Anti-GFP immunoprecipitation performed on a cycling (lane I) and mitotically arrested (lane 2) 
strain carrying Mad3-GFP and Sip 1-HA. Precipitates were separated using SDS-PAGE followed 
by western blotting with antibodies against GFP, HA and Mad2. The corresponding whole cell 
extracts (WCE) are presented in the right panel. 
Sipi-HA doublet is most likely a result of partial protein degradation during 
immunoprecipitation procedure. 
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4.2.2. The Mad3-Slpl interaction depends on Mad2 
In order to study the dependencies between the MCC components (Mad2, Mad3 
and Sip 1) I analysed this complex in mad24 and mad3A backgrounds. I arrested wild-
type as well as mutant strains, carrying Mad3-GFP and Sipi-HA, using the N-70 arrest 
and counted the amount of mitotic cells in order to ensure the synchrony of the mitotic 
arrest in different strains (for numbers see figure 4.3.). This was scored by methanol 
fixation followed by immunostaining with the TAT1 anti-tubulin antibody. Next I 
prepared extracts from the mitotic cells and performed anti-GFP and anti-HA 
immunoprecipitations. The associated proteins were analysed using SDS-PAGE 
followed by western blotting with anti-GFP, anti-HA and anti-Mad2 antibodies for the 
recognition of Mad3-GFP, Sip 1-HA and Mad2, respectively. I found that when cells 
were devoid of Mad2 protein, Mad3 binding to Slpl was typically abolished (figure 
4.3.), or at least significantly reduced (some residual binding could be seen for instance 
in figure S4). This was the case in both: GFP and HA inimunoprecipitations. I concluded 
that Mad2 was required for Mad3-Slp1 interaction. This was not surprising, since Mad2 
binding to Cdc20 was shown to be required for checkpoint activity (Hwang et al., 1998; 
Kim et al., 1998). 
mad3 deletion did not abolish Mad2 binding to Slpl suggesting that the Sip 1-
Mad2 complex forms first during MCC assembly, although the levels of Mad2 co-
precipitated with Slpl-HA in this mutant were often reduced (figure 4.3.). The Sipi-
Mad2 complex could exist independently of MCC, as have been reported in budding 
yeast (Poddar et al., 2005). 
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4.3. Mad3-Slpl interaction requires Mad2 
Immunoprecipitations were performed on strains arrested in mitosis (N-70 arrest) carrying Mad3-
GFP and Sipi -HA. Wild-type strain was compared with ,nad2A and mad34. Precipitates were 
separated using 15% SDS-PAGE and subjected to western blotting with antibodies against GFP. 
HA and Mad2. Asterix indicates non - specific bands recognised by the antibodies. Sip 1-HA 
doublet is most likely a result of partial protein degradation during imniunoprecipitation 
procedure. 
Anti-GFP immunoprecipitations - lane 1: IP control - SIpI-HA only; lane2: wild type (47% 
mitotic); lane 3: mad2A (46% mitotic); lane 4: mad3zl (53% mitotic) 
Anti-HA immunoprecipitations - lane 1: IP control - Mad3-GFP only; iane2: wild type (47% 
mitotic): lane 3: mad24 (46% mitotic): lane 4: mad34 (53% mitotic) 
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4.2.3. MCC is formed independently of kinetochore localisation and of upstream 
spindle checkpoint components 
Kinetochores were initially recognised as sites responsible for generating the 
checkpoint signal, which leads to anaphase delay (Campbell and Gorbsky, 1995; Rieder 
et al., 1995). In agreement with this, the components of the checkpoint pathway have 
been shown to localise to the kinetochore upon checkpoint activation (Howell et al., 
2004; Vanoosthuyse et al., 2004). The dynamic nature of this association led to a model, 
where the checkpoint proteins cycle through the kinetochore in order to be converted to 
an active form (Chen et al., 1998; De Antoni et al., 2005; Shah et al., 2004). This model 
is however challenged by findings that the APC/C inhibitor, MCC, can be formed and 
remains active in interphase cells, which do not have mature kinetochores (Sudakin et 
al., 2001). This complex could also be found in budding yeast regardless of the 
kinetochore mutation, ndclO-1, which disrupts kinetochore function and checkpoint 
response (Fraschini et al., 2001b; Poddar et al., 2005). 
I wanted to test whether the S. pombe MCC could still be formed in mutants, 
which abolish kinetochore targeting of its components. Bub3 as well as Bubi and Mphl 
have been shown to be required for the kinetochore targeting of Mad3 in S. pombe 
(Miliband and Hardwick, 2002; Vanoosthuyse et al., 2004). Madl is required for 
targeting Mad2 to the kinetochore (Chen et al., 1998; Ikui et at, 2002; Luo et al., 2002; 
Sironi et al., 2001). Kinetochore-bound Madi is thought to contribute to Mad2 
conversion to a form, which is capable of binding and inhibiting Cdc20 (De Antoni et 
al., 2005). 
In budding yeast the homologues of these proteins were shown to abolish Mad2 
binding to Mad3. Additionally, madlA abolished Mad2 binding to Cdc20, consistent 
with the model of Mad2 kinetochore-dependent activation, and mps1-1 mutant 
significantly reduced this complex (Hardwick et al., 2000). I arrested wild-type as well 
as inadlA, bublA, bub3A and mphlA strains using the N-70 arrest (see section 4.2.). An 
aliquot of each strain was fixed with methanol and immunostained with TAT! antibody 
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to stain the tubulin. The amount of cells with a mitotic spindle was quantified to ensure 
synchrony of the arrest and the numbers did not vary significantly (see figure 4.4.). The 
remainder of cells were pelleted and protein extracts were prepared. Mad3-GFP and 
Sip 1-HA were precipitated using anti-GFP and anti-HA antibodies, respectively. The 
eluates were resolved using 15% SDS-PAGE and immunoblotted with anti-GFP, anti-
HA and anti-Mad2 antibodies. 
The MCC was formed in all analysed strains, which shows that its assembly is 
independent of the function of other checkpoint components. This experiment also 
shows that the MCC components do not need to be localised at the kinetochore in S. 
pombe in order to bind to one another. 
4.3. Mad2 and Mad3 associate with the APCIC upon mitotic arrest 
The components of the MCC have been shown to interact with subunits of the 
vertebrate APCIC (Fang, 2002; He et al., 1997; Kallio et al., 1998; Li et al., 1997; 
Wassmann and Benezra, 1998). Moreover, they have been shown to inhibit APCIC in 
vitro (Fang, 2002; Sudakin et al., 2001). Two models of the APC/C inhibition by MCC 
proteins have been suggested. The formation of MCC by the checkpoint proteins could 
inhibit APCIC simply by sequestering its activating subunit, Cdc20/Slpl. Alternatively, 
the checkpoint components could inhibit the APC/C directly by binding to it and either 
blocking its interaction with substrates or impairing its ubiquitinating activity (Chan and 
Yen, 2003; Tang et at, 2001a). 
I find that in S. pombe Mad2 and Mad3 associate with the APC/C subunit Lidi in 
mitotically arrested cells, independently of checkpoint activation. This interaction is 
mediated by Slpl and depends on Mad2. I also find that this association does not depend 
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4.4. MCC formation does not require kinetochore localisation 
Immunoprecipitations were performed on strains arrested in mitosis (N-70 arrest) carrying 
Mad3-GFP and Sipi-HA. Wild-type strain was compared with checkpoint mutants. 
Precipitates were separated using 15% SDS-PAGE and subjected to western blotting with 
antibodies against GFP, 1-IA and Mad2. Sip 1-HA doublet is most likely a result of partial 
protein degradation during immunoprecipitation procedure. 
Anti-GFP immunoprecipitations - lane I: IP control - Sip 1-HA only (cycling); iane2: wild 
type (31% mitotic); lane 3: mad3zl (461/6 mitotic); lane 4: bub3J (62% mitotic); lane 5: bubl4 
(40% mitotic); lane 6: mphL4 (34%rnitotic). The corresponding whole cell extracts (WCE) are 
presented in the left panel. 
Anti-GFP IPs - lane I: IP control - Sip I-HA only (cycling); iane2: wild type (46% mitotic); 
lane 3: madl4 (28% mitotic) 
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4.3.1. Mad2-Mad3-Lidl complex is formed in different mitotic arrests, but not in 
cycling cells 
TAP purification of the Lidi-TAP subunit of the S. pombe APC/C revealed the 
- presence of 13 subunits of this complex (Yoon et al., 2002). Interestingly, in further 
Lidi-TAP purifications from mitotically-arrested cells, the same group (K. Gould) 
additionally found checkpoint proteins: Mad2 and Mad3, as well as Slpl (personal 
communication). This interaction was restricted to mitotic cells and took place in cells 
arrested using nda3 tubulin mutation (Hiraoka et al., 1984), but also in cells arrested 
with the proteasome mutant, mts3-1 (Gordon et al., 1996). Similarly, in a Mad3-TAP 
purification from cells arrested using nda3 mutation (Sergey Prykhozhij and Sjaak van. 
der Sar, personal communication) all of the 13 APC/C subunits were detected by mass 
spectrometry. I looked at these interactions by immunoprecipitations, and confirmed that 
Mad2 as well as Mad3 stably associate with the APCIC in a mitotic arrest and that this 
interaction cannot be detected in cycling cells. 
I used a strain carrying Lidi-TAP and Mad3-GFP and arrested it in mitosis using 
four different methods. The nda3 arrest depolymerises microtubules, which leads to 
checkpoint activation and mitotic arrest (Hiraoka et al., 1984). Mphl overexpression 
arrests cells in metaphase without spindle disruption and activates the spindle checkpoint 
(He et al., 1998). The proteasome mutant, mts3-1 is unable to degrade mitotic proteins, 
securin and cyclin, so cells cannot exit mitosis (Gordon et al., 1996). Similarly, where 
N-70 is overexpressed., securin and cyclin cannot bind to the APCIC and are not 
degraded (Yamano et al., 1998). The two latter arrests do not rely on a functional spindle 
checkpoint. I immunoprecipitated Lidi-TAP from the arrested strains as well as a 
cycling Lidl-TAPIMad3-GFP strain using IgG-coated dynabeads and analysed the 
eluates using SDS-PAGE followed by western blotting with antibodies against protein A 
(PAP), against GFP and against Mad2. As a result of the immunoprecipitations, I found 
that Mad2 and Mad3-GFP bound to Lidi-TAP in all mitotically-arrested strains, 
regardless of the method used for arrest (figure 4.5.). The Mad2/Mad3-GFPILid1 -TAP 
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Fig. 4.5. Mad2 and Mad3-GFP associate with the APC/C in a mitotic arrest 
Strains carrying Lid i-TAP and Mad3-GFP were arrested in mitosis and subjected to 
lgG immunoprecipitations. Eluates were separated on a 15% SDS polyacrylamide gel 
followed by western blotting with anti-GFP and anti-Mad2 antibodies. 
Mad2 and Mad3-GFP co-irnmunoprecipitated with the APC subunit Lid 1-TAP in a 
mitotic arrest using N-70 overexpression (lane2) or Mph  overexpression (lane3). The 
proteins did not associate with APC/C in cycling population (lane 1). 
Mad2 and Mad3-GFP associate with the APC/C independently of the arrest type. 
Strains were arrested in mitosis using nda3 (lane 2). mts3 (lane 3) and N-70 (lane 4) 
arrests. Strain carrying Mad3-GFP only was used as an IP control (lane 1). Amounts 
of mitotic cells as judged by counting Mad3-GFP speckles (nda3) or short spindles 




complex was not present in a cycling population, indicating that it is specific to a mitotic 
arrest. 
There were no striking differences in the levels of proteins associated with the 
APC/C. Although there was typically slightly less Mad2 and Mad3-GFP in precipitates 
from N-70 arrested cells, when compared with the nda3 arrest, I attributed it to the fact 
that these cells arrested with a lower mitotic index than the nda3-arrested strains. This 
was checked by immunostaining tubulin and counting cells with a mitotic spindle (in 
case of mts3 and N-70 arrest) or by scoring bright GFP foci on the kinetochores (in case 
of nda3 arrest). In the case of the mts3 arrest, the amounts of the Mad2fMad3ILidl 
complex when compared with nda3 were somewhat variable and I could not conclude 
whether more complex was formed upon checkpoint activation. 
4.3.3. Mad3 interaction with the APCIC is dependent on Mad2 and on Slpl-Mad2 
binding 
I next asked whether the association of Mad2 and Mad3-GFP with the APC/C 
depended on the components of the MCC. I know from other experiments (see chapter 
5) that it depended on Mad3 and in particular on the KEN-box motifs in this protein. 
In order to establish if Mad2 was required for Mad3-APC/C binding, I analysed this 
complex in a mad2A background. I also analysed the sip] -mr63 mutant, which has been 
argued to abolish Slpl-Mad2 binding (Kim et al., 1998). The mutant and wild-type 
strains were arrested using the N-70 (see section 4.2.). This allowed obtaining a uniform 
arrest, which was confirmed by immunostaining tubulin and counting cells with a 
mitotic spindle prior to performing IgG immunoprecipitations. I found that mad2A 
abolished the binding of Mad3 to the Lid i-TAP (APC/C) (figure 4.6.A). 
Where slpl-mr63 mutant was used, the levels of Mad2 bound to Lid 1-TAP were 
reduced to levels near the background (figure 4.6.A). In the mass spectrometry analysis 
of this mutant, in a Lidi-TAP purification, Mad2 was not found at all (K. Gould, 
personal communication). 
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Interestingly, the binding of Mad3-GFP to Lid 1-TAP in this mutant was reduced, 
but not abolished, indicating that a fraction of Mad3 can bind to the APC/C 
independently of the Sip 1-Mad2 complex. This result is interesting and shows us that in 
order to stably bind the APC/C, Mad2 needs to bind Sipi. The Mad2-Slp1 complex also 
seems to be required for efficient binding of Mad3 to the APCIC. 
4.3.4. Mad2 and Mad3 interaction with the APC/C is mediated by Sipi 
In order to test if Mad2 and Mad3 association with the APC/C was direct or 
mediated by Slpl, I made use of the sip1-362 temperature-sensitive allele, which is 
known to be defective in APCIC binding (Yamada et al., 2000). I checked if Mad2 and 
Mad3 were still able to co-immunoprecipitate with the APC/C subunit Lidi-TAP when 
Slpl-APC/C binding was abolished. I found no Mad2 or Mad3-GFP bound to Lid 1-TAP 
in an IgG pull-down experiment, in cells where the Slpi protein had been inactivated 
(figure 4.63). The sip] -362 cells arrest with a short mitotic spindle at their restrictive 
temperature and therefore I was able to compare them with wild-type cells arrested 
solely with the use of the N-70 plasmid. Thus Sipi mediates the association of Mad2 
and Mad3 with the APC/C. 
43.5. Mad2 and Mad3 binding to the APCIC does not require kinetochore 
localisation 
I also analysed binding of the checkpoint proteins to the APC/C in a bub3zi 
background. Bub3 has been previously reported to play an important role in MCC 
assembly in S. cerevisiae (Fraschini et al., 2001b). Despite the fact that Bub3 is not a 
component of the MCC in S. pombe, I was interested to see if it affected its assembly. 
This could be the case, since Bub3 has been shown to be required for targeting of Mad3 
to the kinetochore (Millband and Hardwick, 2002). 
I analysed the MCC-APCIC complex in a bub3A background in a N-70 arrest, by 
IgG immunoprecipitations and found that it was not affected by this mutation. 
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Therefore, the MCC can be formed independently of the kinetochore (see section 4.2.3.) 
and it can also interact with the APC/C. All strains  used in the experiment were arrested 
in a checkpoint-independent manner, using the overexpression of the N-70, and the 
numbers of mitotic cells were analysed by immunostaining of mitotic spindles. All 
mutant strains arrested at similar levels to wild-type cells. The numbers of mitotic cells 
are presented in figure 4.7. 
43.6. MCC association with the APCIC is not dependent on the checkpoint kinases 
In section 4.2.3. I argue that the MCC does not require Mph! and Bubl for 
assembly. However, there are data showing that in HeLa cells Bubi cooperates with 
Aurora B to promote BubRi (Taylor et al., 1998) binding to APC/C 2° (Morrow et al., 
2005). Moreover, in human cells Bubi plays an important role in inhibiting the APC/C 
by phosphorylating Cdc20, which renders it defective in APC/C activation (Chung and 
Chen, 2003; Tang et al., 2004a). Mpsl (Mph 1 homologue) was found associated with 
one of the APCIC subunits, Cdcl6 in an APC/C purification (Liu et al., 2003a). Another 
interesting kinase with a role in checkpoint signalling is Arki, the S. pombe single 
aurora kinase. Arki was shown to be required for efficient accumulation of Mad2 on the 
kinetochore as well as Mad2-Mad3 complex formation (Petersen and Hagan, 2003). 
I immunoprecipitated Lidi-TAP APC/C subunit from mitotic extracts carrying 
either bublA or mphlzl or cut] 7-ts (survivin) mutation, which impairs Arki kinase 
function (Petersen and Hagan, 2003), and compared the immunoprecipitated 
Mad2IMad3-GFPILid1-TAP complexes with the wild-type strain by SDS-PAGE 
followed by inmiunoblotting with anti-Mad2 and anti-GFP antibodies. I did not observe 
any defects in the formation of these complexes in the strains where the kinases were 
mutated, when compared with wild-type (figure 4.7.B). All strains were arrested using 
the N-70 arrest (see section 4.2.) and the amounts of mitotic cells were quantified by 
immunostaining of the tubulin and counting cells with a mitotic spindle: These amounts 
were similar in wild-type and mutant cells. 
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Figure 4.6. Mad3 binding to the APC/C depends on Mad2 and Sipi 
Lid 1-TAP was immunoprecipitated using lgG from mitotic extracts from strains carrying 
lid 1-TAP and mad3-GFP, arrested by overexpression of N-70 fragment of cyclin B. Wild-
type strain was compared with mad2A . slpI-mr63 mutant, and slpI-362 mutant. Schematic 
diagrams indicate which connections between proteins have been impaired by the mutations. 
Immunoprecipitates were analysed using 15% SDS-PAGE and immunobloted for Lid I-TAP. 
Mad3-GFP and Mad2. Amounts of mitotic cells were as follows, as judged by number of 
mitotic spindles. 
Wild-type - 42%, slpl-mr63 - 34%, mad2A - 55% mitotic cells 
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4.7. Mad2 and Mad3-GFP binding to the APC/C does not require kinetochore localisation 
and other checkpoint components 
Strains carrying Lid 1-TAP and Mad3-GFP were arrested in mitosis with overexpression of 
N-70 cyclin B (or by shifting to restrictive temperature (cull 7-1s)). Lid] -TAP was 
immunoprecipitated using IgG dynabeads and eluates were separated using 15% SDS-PAGE 
followed by imniunoblotting with anti-PAP, anti-GFP and anti-Mad2 antibodies. 
bub3zl compared with wild type. The mitotic indexes as judged by mitotic spindles were: 
WI - 40%, bub3 A - 34% 
MCC/APC in kinase mutants. Mitotic indexes: WI - 50%, bubL4 - 40%, mph 14 - 42%, 
cull 71s - 40%. 
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4.4. Discussion 
Two basic models of APCIC inhibition by the Mad and Bub proteins have been 
proposed (Chan and Yen, 2003). The sequestration model is based on the fact that 
simply by binding to Cdc20/Slpl, the checkpoint proteins limit the availability of this 
activator protein and therefore maintain the APC/C in an inactive state. In the direct 
inhibition model the checkpoint proteins bind directly to the APC/C and block its 
activity. This could be achieved in a number of ways, for example: by preventing 
substrate binding, blocking substrate release, impairing processivity of ubiquitination, 
inducing allosteric changes of the APC/C, inducing modifications, such as 
phosphorylation. These possibilities are discussed further in chapter 5 and in the final 
discussion. 
The experiments presented in this chapter do not rule out either of these models. 
However, they show that the conserved mechanism of MCC formation observed in 
budding yeast and in vertebrates (Hardwick et al., 2000; Hwang et al., 1998; Miliband 
and Hardwick, 2002; Poddar et al., 2005; Sudakin and Yen, 2004) also occurs in fission 
yeast. Moreover, as is the case in vertebrates (Fang, 2002; Fang et al., 1998a; Li et al., 
1997; Tang et al., 2001a; Wassmann and Benezra, 1998), the MCC components bind to 
the APCIC in a mitotic arrest. This interaction has not been detected before in either 
fission or budding yeast. 
4.4.1. Mad2 is required for MCC formation and binding to APCIC 
I find that the MCC formation, as well as the binding of MCC components to the 
APC/C, depends on the presence of Mad2 protein. This is consistent with observations 
from budding yeast, where mad24 disrupts MCC formation (Fraschini et al., 2001b; 
Hardwick et al., 2000). 
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Mad3 deletion does not disrupt the Mad2-Slpl complex completely, showing 
that this complex might exist partially as a separate sub-complex, independent of the 
MCC. A separate Mad2-Cdc20 complex was shown to assemble during mitosis in 
budding yeast as well as in vertebrate cells (Davenport et al., 2006; Fang, 2002; Poddar 
et al., 2005; Wassmann and Benezra, 1998) and Cdc20 was shown to be predominantly 
present in the Mad2-Cdc20 complex (Poddar et al., 2005). This could also be the case in 
S. pombe, as Mad2 is more abundant than Mad3 (Judith Zich, personal communication). 
However, mutating Mad3 abolishes the binding of Mad2 to the APC/C (see 
chapter 5); therefore both Mad2 and Mad3 are interdependent for binding to Sipi as well 
as to the APC/C. This data is consistent with data from vertebrates and budding yeast, 
where Mad2 and Mad3/BubR1 cooperate to inhibit APC/C 2° (Davenport et al., 2006; 
Fang, 2002). 
4.4.2. The MCC formation and binding to the APCIC does not require other 
checkpoint components 
Deletion of Madi, Bubi, Bub3 or mutation of Mpsl disrupt the formation of 
MCC in budding yeast (Hardwick et al., 2000). I show that in S. pombe this is not the 
case. This data suggests that the formation of MCC as well as MCC-APC/C does not 
require checkpoint signalling. This is in contrast to data from vertebrate cells, which 
argues that Bubi together with Aurora B coordinate BubRi-dependent inhibition of 
APCICc2o (Morrow et al., 2005). It also questions the "Mad2 template" model, where 
the kinetochore-bound Madi acts as receptor for Mad2 which can convert it from the 
open (oMad2) conformation to a closed (cMad2) conformation capable of binding 
Cdc20 and inhibiting the APC/C (De Antoni et al., 2005). 
It is possible that there are different pools of MCC in the cell and although I can 
detect MCC in checkpoint mutants at levels comparable to wild-type, there might be a 
MCC fraction (perhaps smaller), which is strictly dependent on checkpoint proteins. 
This has been observed before. In a gel filtration experiment performed on budding 
yeast extracts, the 670 kDa fraction, containing Mad2, Mad3, Cdc20 and Bub3, seen in 
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wild type no longer contained Mad3 and Mad2 in a madlA (Fraschini et al., 2001b). 
However, these four proteins still co-eluted in a high molecular weight fraction, which 
means that in whole cell extracts this complex may still be detectable. The authors argue 
that because it is formed in a madlA background, this fraction of MCC is unlikely to be 
important for the checkpoint. 
4.4.3. The MCC formation and binding to the APC/C does not require kinetochore 
localisation 
Importantly I show that the MCC and MCC-APC/C can be formed independently 
of kinetochore localisation. This is quite surprising, since the kinetochores were 
identified as the initial source of the checkpoint signal (Li and Nicklas, 1995; Rieder et 
al., 1994). All checkpoint proteins are recruited to the kinetochores upon checkpoint 
activation in vertebrates (Chen et al., 1998; Taylor et al., 2001; Vigneron et al., 2004) 
and in S. pombe (Vanoosthuyse et al., 2004) and this recruitment is thought to allow 
their modifications or/and facilitate the exchange of binding partners, which would then 
render them active for the APC/C inhibition (reviewed by Musacchio and Hardwick, 
2002; De Antom et al., 2005). 
However, our data is in agreement with a number of other studies. In HeLa cells 
the MCC can be formed in mitosis as well as in interphase, even though there are no 
kinetochore structures present at that time (Sudakin et al., 2001). The authors also show 
that this interphase complex is active against the APC/C, which suggests, that MCC does 
not need kinetochores to be activated. Interestingly, it is only capable of inhibiting the 
mitotic and not the interphase form of APC/C, suggesting that it is the APC/C, which 
needs to be modified in mitosis in order to be inhibited by the checkpoint (Sudakin et al., 
2001). The targets of the spindle checkpoint: Cdc20 and the APC/C had been localised 
to the kinetochores (Acquaviva et al., 2004; Jorgensen et al., 1998; Kallio et al., 1998; 
Kallio et al., 2002; Raff et al., 2002; Topper et al., 2002). This association could 
promote the modification of APC/C into a form that is sensitive to inhibition by MCC 
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(Sudakin and Yen, 2004). Other factors which could contribute to recognition by the 
MCC include mitotic phosphorylation of APC/C (Charles et al., 1998; Descombes and 
Nigg, 1998; King et al., 1995; Rudner and Murray, 2000; Shirayama et al., 1998), its 
association with Cdc20 (Fang et al., 1998a; Shirayama et al., 1998) or Cdc20 
phosphorylation (Tang et al., 2004a; Yudkovsky et al., 2000). 
In the budding yeast MCC can be formed in the ndc10-1 mutants, where the 
kinetochores had been destroyed, which shows again that this complex does not require 
kinetochores (Fraschini et al., 2001a; Poddar et al., 2005). 
An interesting model has been proposed recently by Meraldi et al (2004), where 
the authors argue that there might be additional pool of Mad2 and BubRi responsible for 
timing mitosis (Meraldi et al., 2004). These two proteins are not only required for 
checkpoint function but they had also been shown to play a role in ensuring that the 
onset of mitosis is not premature (Gorbsky et al., 1998; Meraldi et al., 2004; Shannon et 
al., 2002). They are thought to act after Emil (early mitotic inhibitor) had been 
degraded, but before the spindle checkpoint is activated by the mature kinetochore. 
Interestingly, it is the cytosolic, kinetochore independent pool of Mad2 and BubRi, 
which is responsible for timing mitosis (Meraldi et al., 2004). It is possible that the MCC 
I find in bubl4/bub34/mphlA/madlA mutants plays a role in APC/C inhibition early in 
mitosis. 
4.4.4. Mad2 and Mad3 binding to the APC/C is mediated by Sipi 
Importantly, I show that the binding of Mad2 and Mad3 to the APC/C is Sip 1-
dependent. Binding to the APC/C activator by the checkpoint proteins was argued to 
lead to APC/C inhibition. Mad2 has been shown to affect APC/C activity by binding to 
Cdc20 (Fang et al., 1998a; Hwang et al., 1998; Kim et al., 1998). Similarly, in vitro 
studies of BubRlfMad3 from HeLa cells argue that this protein inhibits the APC/C by 
targeting Cdc20 and most likely blocking its association with APC/C (Fang, 2002; Tang 
et al., 2001a). 
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I show that this is an unlikely mechanism in S. pombe, as the checkpoint proteins 
are only bound to the APCIC when Sipi is bound to it. Therefore the Slpl-APC/C 
association cannot be blocked by the MCC. It is possible however that the APC/C-bound 
MCC is only a small fraction of the MCC formed in cells upon checkpoint activation. 
The additional MCC, not bound to APC/C, could act by sequestering Slpl/Cdc20 
thereby preventing its association with the APC/C and its activation. 
4.4.5. Two pools of MCC? 
In S. pombe around 32-41% of mitotic APC/C is bound to Mad2 (A. Feoktistova, 
personal communication). This means that the remaining 60% could be active or could 
be kept inactive because of lack of available Sip 1/Cdc2O, which could be incorporated 
into MCC or Mad2-Slpl/Cdc2O complexes. This model (figure 4.8.) could explain why 
often I saw higher levels of the MCC in nda3-arrested cells, compared with mitotic 
arrests, which do not activate the spindle checkpoint (N-70, mts3), while in the case of 
Mad2/Mad3ILidl complex this was not as obvious. Upon checkpoint activation, an 
additional ("top-up") pool of MCC could be formed, possibly in a kinetochore-
dependent and Bub lIMphlfMadl-dependent fashion. In other words, the MCC formed 
in a nda3 arrest would consist of: MCCa formed every mitosis and MCCb, an active 
checkpoint response complex, dependent on kinetochore localisation and on other 
checkpoint components. 
This could perhaps explain, why in bublA, bub34 and mphlA background I often 
observed slightly lower levels of Mad2 and Slpl bound to Mad3 (figure 4.4.). 
What is the role of the APC/C-bound MCC, which is found in a normal mitosis? 
This question is difficult to address and would require in vitro ubiquitination assays to 
prove that MCCM/C  has reduced activity compared with "free" APCIC. This has been 
done previously in HeLa cells (Fang, 2002; Sudakin et al., 2001; Tang et al., 2001a). It 
would be interesting to confirm this in fission yeast and attempts to do this are currently 
underway in the lab. 
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A very hypothetical model emerging from these studies is (figure 4.8.) a 
combination of the two models: the direct APC/C inhibition and Slpl sequestration. In 
both, checkpoint dependent (Hiraoka et al., 1984) and independent arrests (N-70, mts3), 
MCCa is formed and binds to the APC/C in a Sipi-dependent manner. I know however 
that this binding accounts for around 40% of the available APC/C (A. Feoktistova, 
personal communication). The remaining 60% of the APC/C would remain uninhibited. 
This would explain the reason for the formation of MCCb, in a checkpoint-dependent 
arrest. This additional fraction of the MCC would be responsible for inhibiting the 
remaining APC/C when a "wait for anaphase" signal emerges. This could be 
accomplished by sequestering the remaining Slp I. 
One way of testing this hypothesis would be to measure the amounts of Slpl free 
of MCC in a nda3 arrest and compare it with N-70 and mts3 arrests. I would expect that 
where the checkpoint is not active, more Sipi would be "free" of Mad2 and Mad3 but 
perhaps bound to the APC/C. In this situation anaphase onset would be inhibited by 
other mechanisms, such as saturation of D/KEN-box receptors (N-70) or proteasome 
mutation (mts3). 
This model seems controversial, since in budding yeast the mitotic MCC with 
and without checkpoint-activating nocodazole have been compared and no differences in 
levels of this complex were found (Poddar et al., 2005). My results comparing nda3 with 
N-70 are also somewhat preliminary. There are however, reports which argue that 
spindle disruption does increase the levels of MCC compared with normal mitosis 
(Chung and Chen, 2002). These differences might in some cases be difficult to detect 
and further experiments are needed to resolve this important issue. 
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4.8. Model of APCIC inhibition by the MCC 
Two independent pools of MCC could be formed in mitosis: MCCa formed in normal 
unperturbed mitosis, bound to APC/C and MCCb, formed when the spindle checkpoint is 
active. MCCb could inhibit APC/C by sequestering Sip!. 
Unchallenged mitosis. Mad2 and Mad-3 are bound to around 40% of the APC/C. The 
remaining APC/C is presumably active 
Checkpoint activated. Mad2 and Mad3 are bound to around 40% of the APC/C. The 
remaining APC/C stays inactive because its activator, Sip I has been sequestered by the 
MCC, which is possibly regulated by other checkpoint components 
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Chapter 5 
Mad3 KEN boxes mediate interactions between the 
spindle checkpoint proteins and the APC/C 
5.1. Introduction 
Schizosaccharomyces pombe Mad3 is a 36 kDa protein and was identified as a 
non-essential protein necessary for cell cycle arrest in response to microtubule damage 
(Miliband and Hardwick, 2002). The mad3 gene (SPCC 895.02) was found through a 
BLAST search based on its homology with the N-terminal region I of S. cerevisiae 
Mad3. This region is one of the two conserved regions of homology between Bubi, 
hBubRl and S. cerevisiae Mad3. In budding yeast the Mad3 region I was shown to be 
important for Mad3 binding to Cdc20 and to Mad2 (Hardwick et al., 2000). The C-
terminal region II of Bubl/hBubRl/S. cerevisiae Mad3 homology, which has been 
indicated in Bub3 binding (Hardwick et al., 2000), has not been found in the fission 
yeast protein. Unlike hBubRl and Bubi proteins, the S. pombe mad3 ORF does not 
encode a C-terminal kinase domain, which makes it more similar to the budding yeast 
protein (figure 5. 1.) (Miliband and Hardwick, 2002). 
Mad3 has two putative KEN boxes with lysines positioned at residues 20 an 
(KEN20) and at 271 an (KEN271). KEN boxes were originally identified as recognition 
signals that label proteins for APC/CMmediated  protein degradation by the 26S 
proteasome (Pfleger and Kirschner, 2000). The presence of KEN boxes in the Mad3 
protein suggests that it might be regulated by proteolysis. 
These motifs often act alongside another APC/C recognition signal, the D-boxes 
(or destruction boxes) (RXXL), which are signals recognised mainly by the mitotic form 
of APC/C: APCICQ!C20  (Pfleger et al., 2001). 
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S. cerevisiae Mad3 
human BubRi I — 
S. pombe Bubi 
Region I 	 Kinase Domain 
Figure 5.1. Mad3 is a protein conserved among eukaryotes 
Clustal alignment of: Schizosaceharomyces pombe, Candida albicans, Gallus gallus, 
Homo sapiens, Xenopus laevis, Arabidopsis thaliana, Drosophila melongaster and 
Saccharomyces cerevisiae Mad3/BubR 1. Mad3 protein contains 2 conserved KEN boxes at 
positions 20 an and 271 a 
Schematic diagram showing regions of S. pombe Mad3, which are homologous to S. 
cerevisiae Mad3, human BubRi and Bubi. S. pombe Mad3 is shorter than its homologues 
(933 bp), it is lacking the kinase domain as well as homology region II indicated in Bub3 
binding. 
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These two motifs have been shown to be required for binding to the APC/C activators: 
Cdc20 and Cdhl (Burton et al., 2005; Hilioti et al., 2001; Kraft et al., 2005a) supporting 
the idea that these adaptor proteins bridge the interaction between the APC/C and its 
substrates. However there is also evidence from work in budding yeast (Passmore et al., 
2003) that the APC/C subunit Docl binds APCIC substrates and that this binding is 
dependent on the presence of their D- and KEN boxes. Moreover, Yamano et al. (2004) 
showed that in Xenopus egg extracts, APC/C bound directly to D-box peptides and this 
binding was independent of Cdc20 (Yamano et al., 2004a). These findings suggest a role 
of the D/KEN boxes in mediating binding of proteins to the APC/C. 
We mutated both KEN motifs in S. pombe Mad3 to triple alanines (AAA) and 
constructed a series of mutants: mad3-KEN20AAA, mad3-KEN271AAA and inad3-
KEN2 012 71AAA (mutagenesis carried out by Julie Blyth). I next analysed the stability of 
these mutated proteins during the cell cycle as well as their function in the spindle 
checkpoint. 
5.2. Mad3 stability 
To date there are no data showing changes of Mad3 levels during the cell cycle. 
The presence of KEN boxes suggests however that Mad3 could potentially be an APCIC 
substrate. The exact consensus sequence first described by Pfleger and Kirschner (2000) 
as a KEN box is KENxxxEIDJN. This sequence is not present in Mad3 protein. 
However, as previously described (Pfleger and Kirschner, 2000), there are other APC/C 
substrates, whose polyubitiquination by the APC/C depends on the presence of solely 
the "KEN" sequence. 
In budding yeast Mad3 levels drop during the (ii phase (Emma King, Sjaak van 
der Sar, unpublished data), which is consistent with the idea that the KEN boxes are 
predominantly recognised by the Gi-specific APC/C activator, Cdhl (Pfleger and 
Kirschner, 2000). 
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I have analysed the stability of wild-type and mutant S. pombe Mad3 proteins in 
mitosis and in Gi phase of the cell cycle by adding cyclohexamide to the arrested strains 
carrying wild-type or mutant Mad3-GFP. Cyclohexamide is a drug which blocks new 
protein synthesis and therefore allows one to follow the degradation of proteins already 
present in the cell. The changes in Mad3-GFP levels were analysed by SDS-PAGE 
followed by western blotting with anti-GFP antibody. 
521. Mad3 stability in mitosis 
Cells carrying Mad3-GFP were arrested in mitosis by overexpressing the 70 
amino-acids of the N-terminus of S. pombe cyclin B, Cdcl3. This method was first 
described by Yamano et al. (1998) and makes use of the D-box situated in this fragment 
of the cyclin. When overexpressed these peptides saturate the D-box receptors in APC/C 
and /or its activators and impair further recognition of APC/C substrates. In the construct 
I use, all lysines had been mutated to alanines (N70-K0) in order to prevent 
ubiquitination of the construct and subsequent depletion of the intracellular ubiquitin 
pool (Yamano et al., 1998). 
Cyclohexamide was added to the arrested cells in order to block the synthesis of 
new proteins. Samples were collected at 10 or 15 minutes intervals for 90 minutes after 
the addition of cyclohexamide. I analysed a strain carrying Mad3-GFP and a Sipi-HA 
strain was used as a control. The levels of Mad3-GFP and Sip 1-HA at different 
timepoints were analysed by SDS-PAGE followed by immunoblotting with anti-GFP 
antibody (figure 5.2.). I did not observe any turnover of Mad3-GFP during mitosis either 
in wild-type or in ken mutant cells. This shows that Mad3 is a stable protein during 
mitosis. Sip i-HA levels decreased significantly during mitosis, which is consistent with 
previous reports (Ikui et al., 2002; Yamada et al., 2000). 
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Mitotic turnover 	90 mins 
5.2 Mad3 is a stable protein during mitosis, while Sipi is turned over 
Strain carrying Mad3-GFP and Sipl-HA was arrested in mitosis using overexpression of N-
terminus of cyclin B. Cyclohexamide was added to cultures to inhibit new protein synthesis and 
samples were taken for 90 minutes after the addition of the drug. Protein extracts were separated 
on a 10% SDS gel and subjected to western blotting with anti-GFP and anti-HA antibodies. The 
amounts of immunoprecipitated proteins were quantified by measuring the intensity of bands on a 
western blot and presented as a graph. 
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5.2.2. Mad3 stability in Gi phase 
I next arrested the analysed strains in GI phase using cdclO-129 temperature-
sensitive mutant. CdclO is a protein required for the Start control of entry into GI phase. 
cdclO-129 is a temperature-sensitive allele, which induces a Gi arrest (Ayes et al., 1985; 
Yamano et al., 2004a). Cells were shifted to non-permissive temperature for 3 hours and 
cyclohexamide was added to block protein synthesis. Samples were taken at 10 or 15 
minutes intervals for 90 minutes and Mad3-GFP turnover was analysed by SDS-PAGE 
followed by immunoblotting with anti-GFP antibodies. Protein turnover was observed in 
wild-type cells starting from the first timepoint (10 minutes) after the addition of the 
drug. The levels of proteins were quantified using Imagequant software and the 
quantifications are presented in a graph (figure 5.3.). The total levels of degradation after 
90 minutes dropped to around 20% of initial protein levels. Interestingly whilst ken271 
mutation did not affect Mad3-GFP stability and the protein was turned over like wild-
type, no Mad3-GFP turnover was observed in the ken20 mutant (figure 5.3.), indicating 
that this mutation increases the stability of Mad3. 
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5.3. Mad-3 is turned over in GI-arrested cells but it is stabilised in the mad3-ken204.4A 
mutant 
Wild type and ken20 and ken2 7 I mutant strains carrying Mad3-GFP were arrested in GI using the 
cdclO -129 mutation. Cyclohexamide was added to the cultures and samples were taken for 90 
minutes after the addition of the drug. Protein extracts were prepared and proteins separated using 
SDS-PAGE (15% gel) followed by western blotting and incubation with anti-GFP antibodies. The 
intensity of the obtained bands was measured and the results are presented in a graph. 
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5.3. The role of Mad3 KEN boxes in the spindle checkpoint 
In order to assess the functionality of Mad3 KEN box mutants in the spindle 
checkpoint I looked at their ability to arrest in mitosis using three different assays: 
overexpression of Mad2, Mph 1, both known to give a metaphase-like arrest (He et al., 
1997; He et al., 1998) and nda3 (cold-sensitive tubulin allele) (Hiraoka et al., 1984) 
arrest. 
5.3.1. Mad3 KEN box mutants in Mad2 overexpression assay 
Wild-type S. pombe cells arrest in a metaphase-like arrest when Mad2 protein is 
overexpressed (He et al., 1997). The exact mechanism of this arrest is not well 
understood. It is known however, that in contrast to bublA, bub3A and madlA, the 
mad3A strains do not respond to Mad2 overexpression and continue to divide, indicating 
that Mad3 functions downstream or together with Mad2 in the checkpoint pathway 
(Miliband and Hardwick, 2002). I overexpressed Mad2 from an inducible promoter 
(nmt) in cultures carrying wild-type and ken mutant Mad3-GFP, by releasing cells into 
media lacking thiamine for 16-18 hours. The amount of mitotic cells was quantified by 
fixing cells, staining tubulin with an antibody and counting cells with a mitotic spindle. 
Whereas wild-type cells arrested at 70 - 80% with this arrest, the ken mutants behaved 
similarly to the null mutant and did not arrest under the same conditions (figure 5.4.A). 
However, I saw a small but reproducible increase in the amount of mitotic cells in the 
ken271AAA mutant (up to 10%, compared with around 5% for ken20AAA). I do not 
know how important this difference is. What is clear from this experiment is that both 
KEN20 and KEN27 1 are required for Mad2 overexpression to signal a tight mitotic 
arrest, although KEN27 1 may be less important. 
5.3.2. Mad3 KEN box mutants in Mphl overexpression 
ME 
Similarly I looked at the response of mad3-ken20AAA and mad3-ken271AAA 
mutant strains to Mphl overexpression. When overexpressed Mphl kinase in wild-type 
cells induces a mitotic arrest (He et al., 1998) This arrest is dependent on all known 
checkpoint components suggesting that Mphl functions upstream in the checkpoint 
signalling pathway. When overexpressed from an inducible nmt promoter, Mphl did not 
cause a mitotic arrest in mad3-ken mutants. This was quantified by fixing cells and 
staining tubulin with an antibody followed by counting amounts of mitotic spindles 
(figure 5.43). The number of cells with a mitotic spindle in mutant cells was 
significantly lower (less then 1%) when compared to wild-type (61%), indicating that 
Mad3 protein and in particular the KEN motifs are required for this mechanism of arrest. 
5.3.3. Mad3 KEN box mutants in nda3 arrest 
nda3-KM311 is a cold-sensitive tubulin mutation, which in wild-type S. pombe 
induces, a checkpoint-dependent mitotic arrest due to complete absence of spindle 
microtubules (Hiraoka et al., 1984). Wild type and mutant strains were grown to 
logarithmic phase and then shifted to non-permissive temperature in order to induce 
depolymerisation of microtubules and to activate the spindle checkpoint. In response to 
the activation of nda3-KM311 in mad3-ken20AAA and mad3-ken271AAA the cells did 
not arrest in mitosis and continued to divide, which resulted in DNA missegregation and 
cell death (figure 5.5.). The rate of death was quantified by plating out the same amount 
of cells at different timepoints throughout the temperature shift and counting the amount 
of viable colonies. In parallel, the cut (cells ultimately tom) phenotype resulting from 
cytokinesis occurring prior to chromosome segregation (Hirano et al., 1986) was scored 
using DAPllcalcofluor staining. Both experiments confirmed the requirement for Mad3 
KEN motifs for checkpoint function. Although no defects in kinetochore targeting of 
Mad3-GFP were observed in either of the mutants in cells which were in mitosis, the 
numbers of cells with bright GFP foci were significantly reduced in ken mutants, 
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Figure 5.4. Mad3 KEN box mutants do not arrest in response to Mad2p and Mphlp 
overexpression 
Wild-type and Mad3 KEN box mutants were subjected to Mad2 overexpression to 
induce a mitotic arrest. Cells were fixed and tubulin was visualised by 
immunostaining. Numbers of mitotic spindles were as follows: WT - 77%, Mad3-
KEN20 - 5%, Mad3-KEN27I - 11%, Mad3 - 2% 
Wild-type and Mad3 KEN box mutants were subjected to Mph I overexpression to 
induce a mitotic arrest. Cells were fixed and tubulin was visualised by 
immunostaining. Numbers of mitotic spindles were as follows: WT - 61%, Mad3-
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Figure 5.5. The Mad3 KEN box mutants die in response to nda3-KM311 mutation 
Wild type and mutant Mad3 KEN box strains were arrested using nda3-KM3I1 mutation at 
18°C for 8 hours. Same amount of cells was plated out onto YES plates at indicated 
timepoints. The numbers of viable yeast colonies were counted and plotted against time of 
nda3-KM3J1 activation (hours after shift to non-permisive temperature). Experiment 









5.4. Mad3 KEN boxes are required for Mitotic Checkpoint Complex (MCC) 
formation 
Upon checkpoint activation a series of interactions between the Mad and Bub 
proteins take place and a number of complexes are formed in order to inhibit the APC/C 
and prevent premature securin and cyclin B degradation. As described in chapter 4, one 
of the complexes formed during a mitotic arrest is the Mitotic Checkpoint Complex 
(MCC) which consists of: Mad2, Mad3 and Bub3 (in S. cerevisiae and HeLa cells) 
together with the APC/C activator: Cdc20 (Hardwick et al., 2000; Sudakin et al., 2001). 
In S. pombe Miliband and Hardwick (2002) found that Mad3-GFP co-
immunoprecipitated with Mad2 and Sipi in cells arrested using nda3-KM311, as well as 
with Bub3 independently of checkpoint activation (Miliband and Hardwick, 2002). 
However, mass spectrometry of Mad2 purifications did not reveal the presence of Bub3 
in this preparation (K. Gould, personal communication). This indicates that Bub3 is not 
a part of the S. pombe MCC. Additionally, no Bub3 was found associated with the 
purified APC/C subunit Lid  (K. Gould, personal communication). As I show in chapter 
4, the MCC binding to the APC/C is mediated by Sip 1, therefore this results argues that 
Bub3 does not associate with Slpl. MCC isolated from HeLa cells presents a strong 
inhibitory activity in vitro against the APC/C. This activity was estimated at over 3000 
fold stronger then recombinant Mad2 (Sudakin et al., 2001), which was first identified as 
an APC/C inhibitor (Li et al., 1997) . This suggests that the MCC is a potent APC/C 
inhibitor. Here I analyse whether defects in the MCC formation by Mad3 KEN box 
mutants could explain their inability to arrest in mitosis. 
5.4.1. Mad3 KEN20 is required for MCC formation 
In order to analyse the S. pombe MCC, I arrested wild-type and mutant cells, 
carrying Mad3-GFP and Slp 1-HA in mitosis by overexpressing the N-70 construct (see 
section 5.2.1. for description). I used this method as means of arresting cells in mitosis 
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independently of the checkpoint function in order to allow mitotic arrest of the mutants 
as well as wild-type cells. 
Arrested cells were subjected to immunoprecipitations, using anti-GFP and anti-
HA antibodies. The eluted proteins were analysed by SDS-PAGE and immunoblotted 
for the presence of Mad-GFP, Slpl-HA and Mad2 proteins. As shown in chapter 4 
(figure 4.2.), Mad2, Mad3-GFP and Slpl-HA form a complex in wild-type cells. This is 
consistent with mass spectrometry results of Mad3-TAP purifications, where in arrested 
cells Mad2 and Slpl were detected (Sergey Prykhozhij and Sjaak van der Sar, personal 
communication). Similarly to wild-type, the mad3-ken271-AAA mutant still co-
immunoprecipitated with Slp 1-HA and Mad2 in both GFP and HA 
immunoprecipitations. However, mad3-ken20-AAA was no longer able to bind to Mad2 
or to Slpl-HA (figure 5.6.). This difference is not a reflection of a variation in the 
amount of mitotic cells in the preparation, as this was checked each time by fixing and 
immunostaining samples with anti-tubulin antibody, to quantify the amounts of 
metaphase spindles. These amounts in the presented experiments were similar and are 
shown in a chart (figure 5.6.). 
The formation of Mad2-Slpl complex occurred independently of Mad3 mutations, 
which is consistent with previous data showing that this complex can still be formed in 
the absence of Mad3 protein (see chapter 4, figure 4.33). 
5.5. Mad3 KEN20 is required for the interaction between Mad2, Mad3 and the 
APC/C 
I was next interested to see whether the KEN motifs in Mad3 were important for 
binding of checkpoint proteins to the APC/C. Mass spectrometry results of Lidi-TAP 
purifications from nda3 and mts3 arrested cells, performed in Kathy Gould's laboratory, 
as well as my previous experiments (see chapter 4, figure 4.5.) show that Mad2 and 
Mad3 proteins as well as Slpl associate with the APC/C subunit Lid!. Similarly, in 
Mad3-TAP purifications, all 13 subunits of the APCIC 'were detected by mass 
spectrometry (Sergey Prykhozhij, Sjaak van der Sar, personal communication). 
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5.6. Mad3 KEN20 motif is required for Mitotic Checkpoint Complex (MCC) formation 
SIpI-HA immunoprecipitations from WT and KEN box mutant cells arrested in mitosis by 
overexpression of N-terminus of cyclin (N70-KO). The arrest rates are presented in the chart 
below. Precipitates were resolved by SDS-PAGE and probed for Mad3-GFP, Sip i-HA and 
Mad2 proteins, indicates non-specific band recognised by the antibody 
Mad3-GFP immunoprecipitations from WT and KEN-box mutant cells arrested with 
overexpression of N-terminus of cyclin (N70-KO). The arrest rates are presented in the chart 
below. Precipitates were resolved by SDS-PAGE and probed for Mad3-GFP, Sip I-HA and 
Mad2 proteins. Sip 1 -HA doublet is most likely a result of partial protein degradation during 
immunoprecipitation. 
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This interaction was restricted to mitotic cells. nda3 arrest results in activation of the 
spindle checkpoint, indicating that the complex analysed may in fact be the inhibitory 
checkpoint complex. I next wanted to analyse what effect mutations in Mad3 KEN 
boxes had on this interaction. 
5.5.1. Mad3 KEN20 is required for the interaction between Mad2, Mad3 and the 
APCIC in mts3 arrest 
In order to arrest cells in mitosis independently of their ability to retain the 
spindle checkpoint function, I first used mts3-1 mutant in a subunit of the 26S 
proteasome. Because this mutation disrupts the function of the proteasome, the cells 
accumulate mitotic proteins and arrest in mitosis prior to DNA segregation and spiiid1e 
elongation (Gordon et al., 1996). Arrested cells carrying Lidi-TAP and wild-type or 
mutant Mad3-GFP were subjected to immunoprecipitations using IgG sepharose to pull 
down Lidi-TAP. Precipitates were separated by SDS-PAGE and immunoblotted for 
Lidi-TAP, Mad3-GFP and Mad2. In wild-type cells, a complex of Mad2, Mad3-GFP 
and Lidi-TAP was found. This was also the case for mad3-ken271-AAA mutant, which 
was still able to co-immunoprecipitate with Lidi -TAP and did not affect Mad2 binding. 
However, consistent with the MCC results, in the mad3-ken20-AAA mutant levels of 
Mad2 and Mad3-GFP bound to Lidi-TAP were close to background levels (figure 
5.7.A). As expected, a double mutant with both KEN boxes mutated to triple alanines 
(mad3-ken201271-AAA) behaved like mad3-ken20-AAA and abolished formation of the 
complex. Levels of proteins bound to Lid 1-TAP in the mad3-ken271-AAA mutant were 
slightly lower when compared to wild-type Mad3, however this might be a reflection of 
a lower mitotic index for this strain, compared to wild-type (see chart, figure 5.7.A). 
This difference in the amount of mitotic cells when comparing Mad3 KEN box mutants 
with wild-type (quantified by amounts of metaphase spindles) was consistent in all 
Mad3 experiments with mts3-1 mutation, and might reflect a possible role of these 
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Figure 5.7. Mad2 and Mad3-GFP co-immunoprecipitate with Lid 1-TAP in mitotic cells 
Lid  -TAP IPs from mts3 arrested cells. Precipitates were separated by SDS-PAGE and 
immunoblotted for Mad3-GFP and Mad2. Amounts of mitotic spindles shown in a chart 
below blot. 
Lid 1-TAP IPs from cells arrested by overexpressing N-terminus of cyclin B. Analysed 
as in 5.7.A. 
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However, this was not investigated any further. Instead overexpression of the N-70 
construct was used in the following experiments. 
5.5.2. Mad3 KEN20 is required for the interaction between Mad2, Mad3 and the 
APCIC in N-70 cydlin overexpression arrest 
Wild-type and ken mutant Mad3 strains were arrested using overexpression of 
the N-terminus of cyclin B (method described in 5.2.1.). The arrests were assessed each 
time by fixing samples and counting the amounts of inmiunostained metaphase spindles. 
These amounts typically ranged from 25 to 60 %. Lidi-TAP (APC/C subunit) was 
immunoprecipitated from the arrested cells using IgG sepharose or rabbit IgG coupled to 
dynabeads, which resulted in much cleaner preparations. The precipitates were next 
separated by SDS-PAGE and probed for the presence of Lidi-TAP, Mad3-GFP and 
Mad2. In all performed experiments, mad3-ken20-AAA mutant (as well as mad3-
ken201271-AAA) abolished Mad2 and Mad3-GFP binding to the APC/C whilst mad3-
ken271-AAA did not (figure 5.7.B), which is consistent with the results obtained from 
mts3-arrested cells. It is also similar to the result obtained for the MCC formation, where 
the ken20-AAA mutant abolished the formation of that complex. Taken together, this 
data shows that the Mad3 KEN20 motif is necessary for MCC formation and for the 
interaction of Mad2 and Mad3 with the APCIC in S. pombe. 
5.6. Mad3 KEN boxes are not sufficient for Mad3 binding to Slpl/AIPC/C 
In the experiments described above I show that the Mad3 KEN20 motif is 
required for Mad3 binding to Slpl and to the APC/C. I next asked whether this motif 
was sufficient for that interaction. I cloned two fragments of Mad3 encoding 
approximately 50 amino-acids: one at the N-terminus of the protein (including KEN20) 
and one at the C-terminus (including KEN27 1) and fused them to GST at their N-
terminus, using the pGEX-6P-1 vector. The peptides were next expressed in bacteria and 
purified using a GST column. Similarly, full - length Mad3-GST was purified. 
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GST pull-downs 
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Figure 5.8. Mad3 KEN boxes are not sufficient for Mad3-GST interaction with Sip 1-HA 
Full length Mad3 (lane 2) as well as 50 amino-acid peptides containing the N- (KEN20) (lane3) 
and the C- (KEN271) (lane4) terminal KEN boxes were fused to GST and immobilised on a 
glutathione agarose resin. nda3-arrested fission yeast extract carrying SIpI -HA was added and 
the bound proteins were eluted and analysed by SDS-PAGE, followed by western blotting with 
an anti-HA antibody. GST - only control (lanel) was used to check for unspecific binding. 
154 
Approximately 10 pg of the GST fusion proteins were next incubated with glutathione 
agarose for an hour in order to immobilise Mad3 or the Mad3 N/C—terminal fragments 
on the beads. The resin was washed with PBST buffer to wash away unbound protein 
and pre-incubated with BSA in order to block unspecific protein binding. Following a 
wash with the lysis buffer (used for immunoprecipitations), mitotic fission yeast extracts 
were added to the beads and incubated for approximately an hour at 4°C. Mitotic fission 
yeast extracts were prepared from a strain carrying Mad3-GFP and Sipi-HA in a nda3-
KM311 background. This strain was arrested in mitosis by inducing the cold-sensitive 
nda3 mutation, which activates the spindle checkpoint (Hiraoka et al., 1984), and the 
lysates were prepared as described in Materials and Methods section. Following the 
incubation of extracts with the resins, the bound proteins were eluted from the bead 
using SDS-sample buffer with 5% B-mercaptoethanol. Proteins which bound to the Mad-
GST or its fragments were analysed by SDS-PAGE followed by western blotting with an 
anti - HA antibody to detect Sipi-HA. Only full length Mad3-GST was able to bind to 
Sipi-HA in this assay (figure 5.8.). There was no detectable Sipi-HA signal in the lanes 
where fragments of Mad3 protein were used, demonstrating that these regions are not 
sufficient for Sipi and thereby also APC/C binding. 
5.7. Discussion 
The S. pombe checkpoint protein Mad3 contains two KEN box motifs. These 
motifs have been previously indicated to be important for substrate recognition by the 
APC/C (Burton and Solomon, 2001; Pfleger and Kirschner, 2000). I have mutated both 
of these motifs and analysed their importance for maintaining Mad3 stability and their 
role in Mad3 checkpoint function. I also studied the effect of these mutations on Mad3 
binding to APC/C and the APC/C activator, Slpl. 
Mad3 has not been demonstrated before to be an APC/C substrate and its levels 
do not visibly change during the cell cycle, when comparing steady state levels in whole 
cell extracts, e.g. from mitotic and cycling cells. However, I have now analysed 
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carefully the S. pombe Mad3 levels specifically in mitosis and in GI phase of the cell 
,cycle by adding cyclohexamide to cells in order to block new protein synthesis. Protein 
levels were analysed by SDS-PAGE and western blotting. During mitosis, Mad3 levels 
remained constant in wild-type cells carrying Mad3-GFP, after the addition. of 
cyclohexamide. However, when I synchronised cells in Gi phase and analysed Mad3-
GFP levels I could observe a reduction in the protein levels after the addition of the 
drug. This turnover was specific to the GI arrest, as I could not observe it in cycling 
cells grown at the same temperature. A cycling population of S. pombe cells consists 
predominantly of G2 cells. Additional experiments, such as analysing Mad3 stability 
specifically in G2 or in S phase, could be carried out using cdc25 mutant (Russell and 
Nurse, 1986), or hydroxyurea, respectively. 
Reducing the levels of Mad3 in Gi might be one of the mechanisms of 
checkpoint silencing. I hypothesised that this turnover could be APC/C - dependent and 
I next asked whether Mad3 was stabilised when either of its KEN boxes (which are 
known to be APC/C recognition signals) were mutated. mad3-ken20AAA-GFP levels did 
not change after the addition of cyclohexamide, neither in mitosis nor in Gi. This 
suggests that the KEN20 motif might be a sequence recognised by the APC/C and 
contributes to Mad3 degradation during GI. mad3-ken271AAA-GFP behaved like wild-
type protein and was turned over in Gi-. arrested cells to similar extent, showing that the 
KEN27 1 motif does not play a role in MacL3 turnover in GI. Neither of the mutations 
had any effect on Mad3 levels during mitosis, which in all cases remained stable. These 
experiments suggest, but do not prove that Mad3 is an APC/C substrate. This could be 
tested by using an APC/C mutant, such as cut9 (APC/C subunit) or a sre9 mutant. Ste9 is 
the fission yeast Cdh 1-related protein, which acts as an APCIC co-factor during the GI 
phase of the cell cycle (Kitamura et al., 1998). Cells lacking Ste9 arrest in GI with the 
cdclO (ts) mutation but are unable to degrade cyclin. If Mad3 levels remained constant 
under these conditions, this would suggest that Mad3 is an APC/C 9 substrate. In 
budding yeast, mutating the APC/C or Cdhl results in partial stabilisation of Mad3 in 
GI (Sjaak van der Sar, personal communication), which indicates that the budding yeast 
protein is a APC/C' substrate. However, because the observed stabilisation was only 
156 
partial, these results suggest that there are also other mechanisms responsible for Mad3 
turnover. In order to confirm that Mad3 is an APC/C9IM  substrate, in vitro 
ubiquitination assays are required. Based on the current S. pombe results I argue that the 
GI-specific turnover of Mad3 is dependent on the KEN20 motif and is likely to be 
mediated by the APCIC. 
I next looked at the behaviour of the mutated Mad3 proteins by analysing their 
role in the spindle checkpoint. Mad3 plays a major role in the spindle checkpoint: it is 
required for a mitotic arrest in response to nda3 mutation, which destabilises 
microtubules, and in response to Mad2 overexpression, which induces a metaphase-like 
arrest (He et al., 1997; Millband and Hardwick, 2002). It has been shown to form a 
complex with other checkpoint components: Bub3 and Mad2. It has been also shown to 
co-immunoprecipitate with the APC/C activator, Slpl. Cells lacking Mad3 do not delay 
cell cycle progression in response to microtubule-depolymerising drug, benomyl, which 
results in cell death and is indicative of a non-functional checkpoint pathway. I have 
analysed rnad3 -ken mutants in three independent checkpoint assays. 
Mad3 with either of the KEN boxes mutated did not respond to the 
destabilisation of microtubules induced by cold-sensitive nda3 mutation. The mutant 
cells failed to remain viable when incubated for more than 4 hours at restrictive 
temperature and plated onto YES plates. The cells also presented high rates of septation 
and cut (cells ultimately torn) phenotype indicative of defects in chromosome 
segregation. This shows that each of the mutations impairs the function of Mad3 in 
response to microtubule depolymerisation. 
Next I asked if inad3 -ken mutants were able to induce an arrest in response to 
Mad2 overexpression. Wild-type cells arrest in mitosis in response to Mad2 
overexpression (He et al., 1997). This arrest is dependent on the presence of Mad3 
protein, but not the other checkpoint components (Millband and Hardwick, 2002). When 
I overexpressed Mad2 in the mutant strains, it did not induce an arrest and the index of 
mitotic spindles was very low in case of both of the mutants. It was however 
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reproducibly higher in the ken271-AAA mutant (about 10 percent compared with less 
then 5 percent for ken20-AAA). The ken271-AAA mutants also presented a different 
phenotype when spotted on a plate without thiamine (to induce overexpression of 
Mad2). While ken20-AAA looked similar to mad34 and continued to grow on a plate, 
ken271-AAA resembled wild-type strain and did not grow. This was not however a result 
of a mitotic arrest, since as described above this mutant did not arrest in liquid culture. 
We do not understand this phenotype of the ken271 mutant. It is possible that the lack of 
growth on a plate is a result of cell death as a result of serious defects, such as 
chromosome missegregation. Further studies are necessary to test this hypothesis. 
Similarly to Mad2, the Mphl kinase, when overexpressed, induces a metaphase-
like arrest (He et al., 1998). I overexpressed Mphl in cells carrying wild-type and ken-
mutant versions of Mad3-GFP and counted the amounts of mitotic cells by quantifying 
the immuno-stained mitotic spindles. These were significantly low compared to wild-
type cells, despite the same conditions that these cells were grown at. This shows that 
Mad3 and specifically the KEN motifs are required for S. pombe cells to arrest in 
response to Mphl overexpression. 
In summary, I have shown by three distinct assays that the Mad3 conserved KEN boxes 
are required for checkpoint function. 
I next asked whether the defects in checkpoint function caused by these mad3 
mutants were a result of an inability to form mitotic complexes with other checkpoint 
proteins upon checkpoint activation. We know from previous studies (Millband and 
Hardwick, 2002; chapter 4), that Mad3 forms a complex with Mad2 and Slpl, the 
APC/C activator, in a mitotic arrest (nda3, mts3, N-70). This complex is known as the 
MCC (Ivlitotic checkpoint complex) and has also been found in other organisms; in 
budding yeast (Fraschini et al., 2001b; Hardwick et al., 2000), HeLa cells (Sudakin et 
al., 2001) and has been shown to inhibit APC/C in vitro (Sudakin and Yen, 2004). I have 
performed a series of immunoprecipitations using a strain carrying Slpl-HA and Mad3 
(wild-type and ken mutants), tagged with GFP. I used either anti-HA or anti-GFP 
antibodies to precipitate the MCC and in both cases I found that while in wild-type and 
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mad3-ken271-AAA mutant the MCC was formed, the mad3-ken20-AAA mutant 
abolished the binding of Mad3-GFP to Sip 1-HA. It has also abolished Mad3-GFP 
binding to Mad2, while the complex stayed intact in the inad3-ken271-AAA mutant. 
Neither of the mutations had an effect on Mad2 binding to Sip 1-HA. This is consistent 
with our previous observations that this complex is formed independently of Mad3 
protein. 
The MCC components had been found bound to the APC/C subunit Lidi in a 
Lidi-TAP purification (Kathy Gould, personal communication). Similarly, in a Mad3-
TAP purification all 13 subunits of the APC/C were co-purified (Sjaak van der Sar, 
Sergey Prykhozhij, personal communication). These interactions were restricted to 
mitotic cells only. I have successfully immunoprecipitated Mad2 and Mad3-GFP with 
Lid i-TAP in a mitotic arrest (see chapter 4). I now wanted to find out whether mutating 
the KEN motifs on Mad3 had an effect on binding to the APC/C. I have previously 
established that binding of the MCC components (Mad2 and Mad3) to the APCIC is 
mediated via Sipi protein (see chapter 4). This was done with the use of a temperature - 
sensitive Slpl allele (sip] -362), which is defective in APCIC binding (Yamada et al., 
2000). I therefore expected that where MCC formation was disrupted, binding of Mad2 
and Mad3 to the APC/C would be disrupted too. This turned out to be the case for mad3-
ken20-AAA mutant, which was not able to co-immunoprecipitate with Lid 1-TAP APC/C 
subunit. Moreover, where this mutant was used, Mad2 did not co-immunoprecipitate 
with the APC/C either, showing that Mad2 binding to the APCIC is Mad3-dependent 
and, in particular, KEN20-dependent. I know from previous studies (see chapter 4), that 
binding of Mad3 to the APC/C requires Mad2. Therefore these proteins are 
interdependent on one another for APC/C binding and KEN20 is important for this 
interaction. inad3-ken271-AAA was still capable of binding to the APC/C and Mad2 
binding in this mutant was not disrupted. I conclude that while KEN20 motif is 
important for both MCC formation and Mad2fMad3/APC/C binding, KEN271 is 
dispensable for these interactions. 
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Finally I wanted to find out whether either of the KEN motifs were sufficient for 
Slpl-APC/C binding. Because binding to the APCIC is mediated via Sipi, I analysed 
Mad3 binding to Sipi only. In order to check if the Mad3 KEN-box motifs were 
sufficient for Sip! binding, I constructed two 50 amino-acid fragments containing each 
of these motifs, as well as full length Mad3, fused to GST. When incubated with a 
mitotic fission yeast extract, only the full length protein was capable of Slpl binding, 
showing that the short fragments containing KEN boxes were required (KEN20) but not 
sufficient for Slpl/APC/C binding. 
The above experiments do not explain the phenotype of mad3-ken271-AAA 
mutant, which, as I show earlier, is checkpoint-deficient. It is possible that this mutation 
impairs proper folding/structure of Mad3 in a way, which disrupts its function but does 
not disrupt the binding sites for SlplIMad2. In fact, KEN271 might not be a "KEN box", 
but a K-E-N sequence, which when mutated renders the cells checkpoint-deficient. 
Alternatively, it could aid the KEN20-mediated binding to Slpl/APC/C or perhaps direct 
binding of Mad3 to the APC/C, but it is possible that the interaction with the KEN271 
motif is much weaker and the effects of mutating this motif could be very subtle. 
Figure 5.9.A shows possible binding sites and dependencies between checkpoint 
proteins and the APC/C. I argue that Mad2 and Mad3 binding to the APC/C occurs via 
Sip 1. I cannot rule out a weak, undetectable by immunoprecipitations, direct interaction 
of Mad3 with the APC/C, for example via KEN27 1. Mad3 binding to Slp 1 is mediated 
by KEN20. Mad2 and Mad3 depend on one another for APC/C binding. Mad2 can bind 
Slpl, or at least a major pool of this protein independently of Mad3, while Mad3 almost 
certainly requires Mad2 for Slpl binding. When this binding is abolished there is no 
complex with the APC/C. 
D-boxes had been shown to interact directly with the APC/C activator, Cdhl 
(Burton et al., 2005; Kraft et al., 2005b). While substrate binding to Cdc20 requires an 
intact D-box, the KEN box seems to be necessary for APC/C °" 1 recognition (Burton 
and Solomon, 2000; Burton and Solomon, 2001). Because, as I show, Mad3 binding to 
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the APC/C is mediated by a KEN box, which is also a destruction signal, it is tempting 
to think that Mad3 could act as a pseudosubstrate and block the D/KEN-box receptors 
on the APC/C or Sipi and by doing this prevent substrates from binding to Slpl-APC/C 
(figure 5.9.B). This mode of action had been recently proposed for Emil, the early 
mitotic APCIC inhibitor (Miller et al., 2006). Although I cannot rule out this model, it 
seems unlikely. Overexpressing Mad3 in S. pombe does not induce a mitotic arrest, 
which means that the APC/C substrates can still be degraded and the substrate receptors 
on APC/C 20  had not been blocked. Moreover, overexpression of a D-box containing 
fragment of cyclin Cdcl3 (N-70) does not block Mad3 binding, as I see the 
Lid l/Mad3/Mad2 complex in the cells arrested with this method. However, the levels of 
this complex in the N-70 arrest were typically lower then in other types of arrests (nda3, 
mrs3; see chapter 4, figure 4.5.), which could be a result of N-70 competing with Mad3 
for APC/C binding. Nevertheless, it is likely that the D- and KEN boxes do not bind to 
the same receptor sites. If this is the case, then the pseudosubstrate model could not 
explain Mad3 mode of action. Moreover, the Mad3-mediated APC/C inhibition occurs 
during mitosis, a time when Cdc20 is the APC/C co-factor and the substrates are 
recognised via their D-boxes. KEN box is the recognition signal thought to be solely 
recognised by APC/C"' and not APC/C Cdc20  (Burton and Solomon, 2001). Therefore 
blocking the KEN box receptors presumably would not prevent substrate binding during 
mitosis. 
Alternatively, Mad3 binding could prevent either substrate release from the 
APC/C or affect its processivity (figure 5.9.C). Processivity is a measure of the number 
of ubiquitin molecules attached to the substrates in a single APC/C binding event. A 
recent study (Rape et al., 2006) argues that processivity is important for timing of 
substrate degradation and that the ability of substrates to form polyubiquitin chains is 
dependent on the D-box. Not only the presence of the D-box is important for the 
processivity but also its exact sequence renders proteins "stronger" or "weaker" 
substrates for APC/C ubiquitination. It is possible that Mad3 KEN box-dependent 
binding to the APC/C impairs polyubiquitination of substrates and therefore prevents 
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5.9. Models of APCIC inhibition by the checkpoint proteins: Mad3 and Mad2 
Mad3 KEN20 mediates Mad3 binding to Sipi, Mad2 and the APC/C. Binding of Mad2 and 
Mad3 to the APC!C depends on SIpI. Mad2-Slpl complex is independent of Mad3. Mad3 
KEN27I might act as an additional docking site for APC/C binding. 
The binding of Mad-3 to SIp 1 /APC/C might result in saturating the KEN box receptors on 
Sip I /APC/C. This would prevent the degradation of APC/C substrates, such as securin and 



















5.9. Models of APC/C inhibition by the checkpoint proteins: Mad3 and Mad2 - continued 
C. 	The binding of Mad2 and Mad3 to Slpl/APC/C could affect polyubiquitanation of APC/C 
substrates, by impairing the APC/C processivity or e.g. blocking substrate release. 
163 
them from being targeted to the 26S proteasome. Other alternative models are possible. 
Cdhl has recently been reported to alter the core APC/C conformation upon binding to it 
(Dube et al., 2005). Similar alternation could take place upon checkpoint protein 
association with the APC/C. This Mad3-induced conformational change could for 
example prevent substrate access to the catalytic sites in the APC/C. 
Interestingly, Hilioti et al (2001) show that while the spindle checkpoint inhibits the 
APCIC activity, it does not prevent securin binding to Cdc20. This result indicates that 
the target of the spindle checkpoint is the catalytic activity of the APCIC, rather than the 
recognition of substrates (Hilioti et al., 2001). 
In summary, Mad3 KEN motifs are important for checkpoint function. Mutation 
of either of these motifs results in the inability to arrest in response to checkpoint 
activation. This was true in the case of lack of microtubules (nda3 arrest), as well as in 
the case of overexpression of components of the spindle checkpoint: Mad2 and Mph 1. I 
investigated whether the KEN box mutations had an effect on the formation of the 
mitotic checkpoint complex (MCC). Surprisingly, only one of the two mutations, mad3-
ken20AAA, abolished the formation of a complex between Mad3, Sipi and Mad2. 
Similarly, this mutation was also able to abolish the binding of checkpoint proteins to 
the APC/C upon checkpoint activation. This indicates a possible mechanism of APC/C 
inhibition by Mad3, where Mad3 binding, via the KEN20 motif prevents binding of the 
substrates to the APC/C and therefore induces a mitotic arrest. Alternatively, binding of 
Mad3 could interfere with the release of the substrate or the processivity of the APC/C. 






The spindle checkpoint is an essential mechanism developed by cells in order to 
prevent potentially lethal defects resulting from chromosome missegregation. It acts 
alongside other important mechanisms, such as the DNA damage checkpoint to 
minimise the risk of errors, which are unavoidable in multiple rounds of the cell cycle. 
The spindle checkpoint targets the Anaphase Promoting ComplexlCyclosome (APCIC) 
and its activating protein, Cdc20, or Slpl in fission yeast. Despite efforts of many 
scientists, it remains unclear how the spindle checkpoint proteins inhibit Ad:)C/CCdC20/Slpl  
from polyubiquitinating its substrates, securin and cyclin B. In this work I focus on 
specific aspects of this process, namely the Mitotic checkpoint complex (MCC) and the 
determinants of its formation, as well as its interaction with the APCIC. I discuss 
possible mechanisms of APC/C inhibition by the checkpoint proteins. I also study the 
Mad3 checkpoint component and analyse the role of its KEN box motifs in APC/C 
inhibition. 
The spindle checkpoint proteins have been shown to localise to the unattached 
kinetochores upon checkpoint activation (Vanoosthuyse et at., 2004). It has been 
proposed that the kinetochores might act as sites where these proteins become modified 
and activated, or where they form inhibitory complexes (De Antoni et at., 2005; 
Musacchio and Hardwick, 2002). This idea is based on a number of observations, such 
as: a) the dynamic association of checkpoint proteins with the kinetochores (Howell et 
at., 2004), b) more stable association of some checkpoint components, namely Madi and 
Bubi, with the kinetochore, which implies a potential role for these proteins in 
modifying the remaining, dynamic pool (Howell et al., 2004), c) structural studies of the 
Mad2 protein, which argue that in order to be activated, a pool of this protein needs to 
first form a complex with the kinetochore-bound Madi (De Antoni et at., 2005). 
Moreover, it is the unattached kinetochores that are considered as the initial source of 
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the "wait for anaphase" signal (Rieder et al., 1995). Despite numerous studies, which led 
to a better understanding of some dependencies between the checkpoint components and 
between the checkpoint components and the kinetochores, the role of the kinetochores in 
APC/C inhibition still remains elusive. Recent studies, as well as my results show 
clearly that the major mitotic APC/C inhibitor, the Mitotic checkpoint complex can be 
formed independently of kinetochores (Chapter 4); (Fraschini et al., 2001b; Poddar et 
al., 2005; Sudakin and Yen, 2004). These findings complicate the understanding of the 
kinetochore importance. 
At the same time, it has been shown that the kinetochores act as sites, where the 
targets of the spindle checkpoint, Cdc20 and the APC/C, are found during mitosis 
(Acquaviva et al., 2004; Kallio et al., 2002; Melloy and Holloway, 2004; Vigneron et al., 
2004). I find that Sipi, the S. pombe Cdc20 homologue, but not the APC/C subunits 
Cut9 and Lidi, associate specifically with the kinetochores upon a mitotic arrest (chapter 
3). I would like to understand why Slpl is recruited to these structures during that time. 
It has been suggested by the literature that it is the checkpoint proteins that recruit 
APC/C-Cdc20 to the kinetochores and either inhibit these proteins locally, or induce 
modifications on the APC/C-Cdc20, which render them sensitive to inhibition elsewhere 
in the cell (Fang et al., 1998a; Sudakin et al., 2001; Vigneron et al., 2004). The second 
concept seems more likely when taken into consideration that MCC has been found in 
interphase cells, which do not have mature kinetochore structures (Poddar et al., 2005; 
Sudakin et al., 2001). In S. pombe however, it is difficult to apply this idea, as the 
APC/C was distributed along the nucleus. Perhaps a different subunit associates with the 
kinetochores, or perhaps this interaction is hard to detect. 
Could Slpl be modified at the kinetochores to a form which is inhibited by the 
spindle checkpoint? Mammalian Cdc20 has been shown to be phosphoiylated by Bubi 
and this modification is thought to be required for checkpoint inhibition (Tang et al., 
2004b). The majority of Bubi is stably associated with kinetochores in vertebrates and 
in S. pombe (Howell et al., 2004; Karen May, personal communication), which means 
that this Bubi-dependent modification is likely to take place at the kinetochore. 
Moreover, in human cell lines, Bubi and Mpsl depletion abolish the association of 
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Cdc20 as well as the APC/C with kinetochores (Vigneron et al., 2004), indicating that 
these checkpoint proteins could act by regulating APC/C-Cdc20 localisation. 
Additionally, the concentration of the APCIC at the kinetochores was shown to increase 
dramatically in response to nocodazole treatment (Acquaviva et al., 2004), which further 
supports this argument. 
It would be interesting to perform similar experiments in S. pombe. I showed that 
in a series of checkpoint mutants (madlA, bublA, bub34, mphlA), the MCC is still 
formed and importantly, it is still able to bind to the APCIC. I do not know however, if 
Slpl is still targeted to the kinetochores in these mutants and this is one of the interesting 
questions, which could be addressed. If it is, then perhaps it is modified there to be later 
incorporated into MCC. On the other hand, I do not understand the role of this MCC, 
which is formed independently of the spindle checkpoint activation, regardless of 
mutating checkpoint components and independently of the kinetochores. APC/C in vitro 
ubiquitination assays would be helpful to explain this issue. Comparing the inhibitory 
activity of MCC formed in cells where the checkpoint had been activated, with MCC 
from cells which were synchronised in mitosis in a checkpoint-independent manner, if 
successful, should show, if these complexes differ in activity depending on the state of 
the spindle checkpoint. Similarly, one could compare MCC formed in wild-type cells 
with MCC from mutant cells, such as madlA mutant, to see if cells still generate active 
inhibitory complexes when the checkpoint is impaired. 
It would also be interesting to compare the amounts of Slpl on the kinetochores 
in checkpoint activating and checkpoint-independent arrests. I could not confidently 
estimate, whether more MCC is formed when checkpoint is active, although this seems 
likely. One experiment which I attempted to do, but did not complete satisfactorily, is a 
cdc25 block and release followed by the addition of a microtubule-destabilising drug, 
CBZ. cdc25ts mutation blocks the S. pombe cell cycle in G2 at non-permissive 
temperature (Russell and Nurse, 1986). When released from the arrest into permissive 
temperature, the cells enter mitosis within 30-40 minutes. Adding CBZ should activate 
the spindle checkpoint. This experiment could allow the comparison of cells 
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synchronised under the same conditions, with same mitotic indexes, with and without 
checkpoint activation. 
If the addition of microtubule-destabilising drug resulted in the formation of extra MCC, 
I could then argue that activation of the spindle checkpoint leads to the formation of an 
additional pool of MCC. This pool of MCC (see chapter 4) could inhibit the APC/C, 
perhaps in a kinetochore-dependent manner, and act for example by sequestering 
Slpl/Cdc20. It is possible that it is differently modified at the kinetochores, which 
results in a form of MCC, which is a "better anaphase inhibitor". It would also be 
interesting to analyse the MCC from different types of mitotic arrest by mass 
spectrometry, to see whether they differ in the phosphorylation pattern. Similarly, I 
could compare the phosphorylation pattern of the APC/C subunits in cells, where the 
checkpoint had been activated, compared with normal mitosis. It would be interesting to 
see whether I can find any correlation between APC/C activity and its phosphorylation 
status and whether this depends on a functional spindle checkpoint. 
What is the purpose of forming the MCC during unperturbed mitosis, or in a 
mitotic arrest, which does not activate the checkpoint? 
One explanation could come from a hypothesis which argues, that the checkpoint has to 
be activated transiently every mitosis, during prometaphase, when kinetochores had not 
yet fully attached to the spindle microtubules (Chen et al., 1996; Gorbsky et al., 1999; 
Wang et al., 2001a). This does not explain however, why it would still form in 
checkpoint mutants and in the absence of kinetochore targeting. It is possible that, as' 
suggested in vertebrate cells, the kinetochore-independent Mad2 and Mad3 could act 
early in mitosis, ensuring correct timing of this process. It has been demonstrated in 
mammalian cells that depletion of checkpoint components results in premature anaphase 
in unchallenged cells (Gorbsky et al., 1998; Shannon et al., 2002; Taylor and McKeon, 
1997). However, a recent study shows, that it is specifically Mad2 and BubRi proteins, 
which are involved in timing mitosis, as their depletion results in even shorter mitosis, 
when compared with other checkpoint proteins (Meraldi et al., 2004). Importantly, the 
authors argue that it is the cytosolic pool of Mad2 and BubRi that acts as a mitotic 
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"timer". I would like to test this theory in S. pombe, however it might prove difficult, as 
mitosis in this organism is much shorter then in higher eukaryotes. It might therefore be 
difficult to see differences in timing of mitosis in mutants when compared with wild-
type. 
The binding of the checkpoint proteins to the APC/C has been shown to inhibit 
the APC/C ubiquitinating activity in HeLa cells (Sudakin and Yen, 2004). What is the 
basis of this inhibition? 
Our findings that the Mad3 KEN box motif is recognised by the APC/C (chapter 
5) make it credible that Mad3 and perhaps other checkpoint proteins could inhibit the 
APC/C by blocking its substrate receptor sites. Such a "pseudosubstrate" mode of action 
has recently been proposed for the Early Mitotic Inhibitor (Emil) (Miller et al., 2006). 
Although I am sceptical about applying this model to Mad3 protein, because several 
facts argue against it (such as that the overexpression of Mad3 does not induce a cell 
cycle arrest and that in the N-70 arrest, which relies on D-boxes binding to the APC/C, 
Mad2 and Mad3 still bind to the APC/C), there is some evidence that this could be the 
mechanism of MCC inhibition. I reproducibly saw reduced levels of Mad2 and Mad3 
bound to the APCIC in the N-70 arrest, when compared with the nda3 arrest. As 
discussed before (chapter 4), this could be due to lower levels of mitotic cells in this 
arrest, or perhaps checkpoint activation. Interestingly, the levels of proteins bound to the 
APCIC were often lower in the N-70 when compared with mts3 arrest. Neither of these 
arrests is known to activate the spindle checkpoint. The mitotic indexes of cells arrested 
using both methods were similar. It is possible that overexpression of the D-box 
containing N-70 results in partial blocking of the same receptors on Slpl/APC/C, which 
are required for Mad3 binding. In the same way, the KEN box containing Mad3 could 
block the binding sites for APC/C substrates. The problem is, that we do not know 
whether D- and KEN boxes bind to the same receptors on Slpl/APC/C. In order to test 
the "pseudosubstrate" model, I could use in vitro binding assays, similar to the ones 
described in chapter 5.6., where recombinant Mad3 was added to mitotic fission yeast 
extracts and its binding to the fission yeast Slpl-HA was analysed. It would be 
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interesting to see if adding recombinant APC/C substrate, such as securin reduces the 
affinity of Mad3 to Sip!. 
An alternative explanation of the lower levels of the Mad2fMad3ILidl complex 
that I see in the N-70 arrest, when compared with the mts3 arrest, could be a difference 
in the stability of Sipi in these arrests. Although I have not compared levels of Slpl in 
different arrest, a study by Yamada (1997) shows that the levels of Slpl seem 
significantly higher in the mts3 arrest when compared with other cell cycle arrests 
(Yamada et al., 2000). It could be the case that Sipi levels are higher in mts3 mutant, as 
it cannot be degraded by the proteasome. The N-70 arrest does not affect the degradation 
process, but the binding by the APC/C. It is possible that Slpl is regulated not only by 
the APCIC, but also by other ubiquitin ligases, such as the SCF. Since Slpl is required 
for binding of Mad2 and Mad3 to the APC/C (chapter 4), higher levels of this protein 
could lead to higher levels of the complex. It would be interesting to test this idea. 
Blocking substrate association with the APC/C seems to be a logical, likely 
model. On the other however, there are data which argue against it. It has been shown 
that in budding yeast, the spindle checkpoint activation leads to inhibition of the APC/C, 
but does not prevent securin binding to Cdc20 (Hilioti et al., 2001). This indicates that 
the checkpoint acts against the catalytic activity of the APCIC rather then preventing 
physical interaction with its substrates. 
However, testing APC/C inhibition models, such as Mad3 inducing an allosteric 
change in the APCIC is more challenging and would require structural studies of this 
complex. This has been demonstrated for Cdhl, which upon binding to the APC/C 
induced a conformational change (Dube et al., 2005). Perhaps a different rearrangement 
takes place upon checkpoint protein binding. 
Binding of checkpoint proteins could also affect the processivity of the APCIC. I could 
try to test this by in vitro ubiquitination assays, by looking at differences in the length of 
polyubiquitin chains on the APCIC substrates. Only polyubiquitinated substrates and not 
monoubiquitinated proteins can be recognised by the 26S proteasome. In an in vitro 
ubiquitination assay, I could test whether, the addition of Mad3 and other checkpoint 
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proteins results in the reduction of high molecular weight proteins, corresponding to 
polyubiquitinated proteins. 
Another interesting experiment would involve comparing the inhibitory activity 
of wild-type Mad3 with a mad3-ken2OAAA mutant. Human BubRi has been shown to 
inhibit APC/C in vitro. This inhibition was enhanced when Mad2 was added to the 
reaction. This is also the case in budding yeast (S. Schuyler, personal communication). I 
demonstrate in chapter 5 that when the KEN20 motif is mutated in the S. pombe Mad3 
protein, the protein is no longer functional in the spindle checkpoint and moreover it 
cannot form MCC and bind to the APC/C. I predict that this should coincide with 
reduced or abolished inhibitory activity in vitro. 
On the other hand it would be interesting to demonstrate that Mad3 could be 
degraded in an in vitro APCIC assay and that this degradation is specific to the Gi form 
of APC/C, activated by Ste9. The prediction is that when mad3-ken2OAAA mutant were 
to be used in this assay, this protein would not be degraded. 
If this were the case, it would reveal an interesting mechanism, potentially required 
checkpoint silencing, where Mad3 is degraded after completing its role in mitosis. 
The models of anaphase inhibition by the spindle checkpoint presented in this 
thesis are only a few among many current theories and ideas regarding this matter. 
Differences between the studied organisms could largely account for some of the 
discrepancies, it is therefore important to take them under consideration. In this work I 
tried to address a number of important questions, regarding the complexes formed 
during mitosis, the role of kinetochores, the localisation of the checkpoint targets and 
possible mechanisms of APC/C inhibition. My work resulted in a few interesting 
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Supplementary figure 1. Microscopic images of SlpI-GFP strains arrested with the overexpression 
of Mad2 
Fixed cells (PFA) stained with anti-GFP (panel 1) and anti-tubulin (panel2) antibodies. DNA 
stained with DAPI (panel 3). Merged (panel 4) - Sip] -GFP localises to the ends of the spindle. 
Live Sip  -GFP cells, when arrested with Mad2 form foci presumably corresponding to the ends of 
the spindle. 
Live Sip l-GFP cells, arrested with Mad2. In some cells clusters of 3 GFP foci could be observed, 






Supplementary figure 1. Microscopic images of SipI-GFP strains arrested with the overexpression 
of Mad2 
Sip i-GFP can also be found along mitotic spindle and in the nucleus. Live cells. 
Sip l-GFP after 10 hours of Mad'-) induction colocalises with Ndc80-CFP (in red), kinetochore 
marker and forms one dot. Excluded from the nucleus. Live cells. 
Sip l-GFP after 16 hours of Mad2 induction colocalises with Ndc80-CFP (in red), kinetochore 
marker and forms two foci. Live cells. 
Sip l-GFP also colocalises with Cdcl l-CFP (in red), spindle pole body marker. Live cells. 
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Supplementary figure 2. APCIC localisation in S. pombe cells 
Cut9-GFP localises to the nucleus in mitotic cells (Mad2 overexpression). Live cells. 
Cut9-GFP localises to the nucleus in mitotic cells (Mad2 overexpression). Fixed cells stained 
with anti-GFP and anti-tubulin (red) antibody. DNA is stained with DAM (blue). 
Cut9-GFP localises to the nucleus in cycling cells. Live cells. 
Lid 1-GFP localises to the nucleus in mitotic cells (Mad2 overexpression). Live cells. 
Lid I -GFP localises to the nucleus in mitotic cells (Mad2 overexpression). Fixed cells stained 
with anti-GFP and anti-tubulin (red) antibody. DNA is stained with DAPI (blue). 
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Supplementary figure 3. Mad2-Mad3 complex formation is enhanced when the checkpoint is activated 
Anti-GFP immunoprecipitations from a strain carrying Mad3-GFP arrested using nda3 Cs tubulin 
mutant and N-70 cyclin B overexpression compared with cycling cells control. Precipitates were 
separated using SDS-PAGE followed by western blotting with anti-GFP and anti-Mad2 antibodies. 
nda3-arrested cells (lane 3) were compared with N-b - arrested cells (lane 4). The mitotic indexes of 
the arrested strains were as follows: nda3 - 82%, N-70 -45 %. Cycling cells (lane 2) were used as a 
control. 
nda3-arrested cells (lanes 14) were compared with N-70 - arrested cells (lane 5). Fractions of the 
nda3-arrested cells were loaded separately (lanes 1 —3) to allow comparison with cells arrested at a 
lower mitotic index. The mitotic indexes of the arrested strains were as follows: nda3 - 80%, N-70 - 
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Supplementary figure 4. mad2A strongly reduces the binding of Mad3 to SIpI 
Anti-HA immunoprecipitations, an example of residual binding of Mad3-GFP to Sip l-HA 
in a mad24 strain - lane 1: wild type (36% mitotic); lane 2: mad34 (53% mitotic); lane 3: 
mad24 (46% mitotic) 
Asterix indicates non-specific band recognised by the antibody. 
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